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List of Abbreviations 
 
Chemicals 
 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
EtOH ethanol 
GMA glycidyl methacrylate 
MeOH methanol 
PAA poly(acrylic acid) 
PEGDMA poly(ethylene glycol)dimethacrylate 
PVA poly(vinyl alcohol) 
PVP poly(vinylpyrrolidone) 
RNA ribonucleic acid 
TEMED N,N,N’,N’-tetramethylethylendiamine 
TEOS tetraethyl orthosilicate 
TiP tetraisopropyl orthotitanate 
TMS-QAC18 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride 
Triton
®
 X-100 octylphenoldecaethylenglycolether 
 
 
Units, symbols and general 
 
°C degree Celsius 
µm micrometre 
µS micro Siemens 
AD average diameter 
AAS atomic adsorption spectrocopy 
c concentration 
cm centimetre 
d day(s) 
DS degree of substitution 
DSC differential scanning calorimetry 
EDX energy dispersive analysis of X-rays 
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FESEM field emission scanning electron microscope 
g gram 
h hour(s) 
ID inner diameter 
IR infra red 
kV kilo volt 
m metre 
mg milligram 
min minute(s) 
mL millilitre 
mN milli-Newton 
nm nanometre 
NMR nuclear magnetic resonance 
rpm rounds per minute 
RT room temperature (21°C) 
SEM scanning electron microscope 
TEM transmission electron microscope 
UV ultraviolet light 
VIS visible light 
wt.-% weight percentage 
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Chapter 1 
 
Summary 
 
This dissertation is concerned about the development of antimicrobial active nanofibres. The 
objective was to generate these nanofibres from aqueous spinning solutions via 
electrospinning. By this, organic solvents were avoided so that electrospinning was 
performed at environmentally friendly conditions. Electrospinning of aqueous spinning 
solutions necessitated the application of water soluble polymers so that the gained 
nanofibres exhibited nearly no water stability. Further content of this thesis was therewith 
the development of different stabilisation techniques for the nanofibres. 
 
The formation of antimicrobial poly(vinyl alcohol) (PVA) nanofibre webs containing 
spherical nano-Ag via electrospinning with special regard to utilise these nanofibres in filter 
media was studied. Aqueous PVA solutions with addition of silver nitrate were electrospun. 
Afterwards, the gained nanofibres were UV irradiated in order to reduce the silver ions 
within the fibre matrix to elemental nano-sized silver. The resulting nanofibre webs were 
stabilised towards aqueous surroundings by a heat induced crystallisation. Furthermore, the 
influence of spinning and solution parameters on the resulting fibre morphology was 
investigated and antimicrobial functionality of the nanofibres was proven. Here, the 
minimum efficient nano-Ag content as well as the release behaviour of silver ions from the 
fibre matrix in comparison to that of silver salts was studied. The nanofibres were examined 
concerning their potential usage in filters by electrospinning them directly on support fleeces 
and application of standardised test dust onto the nanofibre webs. Thereby, the deposition 
behaviour of the test dust on the nanofibres and its potential impact on antimicrobial activity 
were investigated. 
 
In the next chapter, PVA nanofibres were provided with the quaternary ammonium silane 
3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (TMS-QAC18) in order to 
achieve i) antimicrobial activity and ii) water stability of the nanofibres. Homogeneous 
PVA/TMS-QAC18 composite nanofibres were generated by electrospinning of an aqueous 
PVA solution with addition of TMS-QAC18. Furthermore, as second method coating of pure 
PVA nanofibres with the organosilane was performed. The organosilane was permanently 
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bond to the PVA by heat treatment of the nanofibres. Thereby, the surface properties of the 
fibres changed. Inhibition of the bacterial growth of B.subtilis was proven, though the fibre 
webs exhibited no significant antimicrobial effect on E.coli. Furthermore, water stabilities of 
the nanofibre webs were investigated. 
 
In the following chapter, three different photo-induced chemical crosslinking strategies for 
PVA nanofibres were investigated. Crosslinking was performed i) by formation of a semi-
interpenetrating network consisting of poly(ethylene glycol)dimethacrylate (PEGDMA) 
within the PVA matrix, ii) in the presence of sodium benzoate as sensitizer and iii) by 
previous reaction of PVA with glycidyl methacrylate (GMA) resulting in a crosslinkable and 
electrospinnable product (PVA-MA). All strategies were optimised, investigated and 
examined with regard to their efficiency for stabilisation of the nanofibres towards water. 
 
Furthermore PVA/silica hybrid nanofibres were prepared by electrospinning. The 
inorganic/organic hybrid fibres possessed excellent intrinsic water stability. The spinning 
process was optimised regarding the fibre diameter and homogeneity. Ag-nanoparticles were 
incorporated into the fibre matrix in order to achieve antimicrobial activity. For that, silver 
nitrate was used as add-on to the spinning solution and subsequently reduced by UV-
irradiation within the electrospun fibres to elemental, spherical nanoparticles. Antimicrobial 
activity of these fibres against E.coli and B.subtilis was proven. Fibres were tested for 
thermal stability. Exposed to high temperature the nano-Ag exhibited changed particle 
morphology and reduced antimicrobial activity. 
 
In last chapter, PVA/silica hybrid nanofibres were provided with TiO2 nanoparticles; the 
hybrid nanofibres were gained from an aqueous silica sol/PVA mixture without usage of 
organic solvents. The TiO2 particles were deposited onto the fibres’ surface subsequently 
electrospinning. For that, an aqueous, commercial available TiO2 dispersion (VP Disp. 
W740X, Degussa) was sprayed onto the nanofibre webs. For the TiO2-equipped PVA/silica 
nanofibres a good photocatalytic activity was proven. Additionally, pure silica nanofibres 
were prepared from a silica sol-gel and also equipped with TiO2-particles at the same 
procedure. Attachment and binding durability of TiO2 particles onto both fibre types were 
investigated by electron microscopy (FESEM, TEM). Thereby, for the hybrid nanofibres 
good durability of TiO2 was attested whereas nearly no attachment of the particles onto the 
silica nanofibres could be detected. 
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Zusammenfassung 
 
Diese Dissertation befasst sich mit der Entwicklung von antimikrobiellen Nanofasern. Ziel 
der Arbeit war, die Nanofasern aus wässriger Lösung mittels Elektrospinnen herzustellen 
und somit organische Lösungsmittel zu vermeiden, um die Nanofasern unter umwelt-
freundlichen Bedingungen zu generieren. Für das Elektrospinnen aus wässriger Lösung 
wurden wasserlösliche Polymere verwendet, so dass auch die generierten Nanofaser-Vliese 
eine geringe Wasserstabilität aufwiesen. Weiterer Inhalt dieser Arbeit war daher die 
Entwicklung verschiedener Methoden zur Stabilisierung der Nanofaser-Vliese gegenüber 
Wasser. 
 
Poly(vinyl alkohol) (PVA) - Nanofasern mit integriertem sphärischem Nanosilber wurden 
entwickelt und diese in Hinsicht auf ihre Verwendung in Filtermedien untersucht. Hierzu 
wurden wässrige PVA-Lösungen mit Zusatz von Silbernitrat elektroversponnen. Die 
Nanofasern wurden anschließend mit UV-Licht bestrahlt, um die Silber-Ionen innerhalb der 
Fasermatrix zu elementaren, sphärischem Nanosilber zu reduzieren. Die so erzeugten 
Nanofaser-Vliese wurden gegenüber Wasser durch Hitzebehandlung stabilisiert, die eine 
Erhöhung der Kristallinität des PVAs bewirkte. Der Einfluss der Prozess- und Spinnlösungs-
parameter auf die resultierende Fasermorphologie wurde untersucht und die antimikrobielle 
Aktivität der Nanofasern nachgewiesen. Um die Nanofasern auf ihre potentielle 
Verwendung in Filtern zu untersuchen, wurden diese direkt auf Trägervliese versponnen und 
zudem mit standardisiertem Teststaub versetzt. Dabei wurden die Verteilung des Teststaubs 
auf den Nanofaser-Vliesen und der mögliche Einfluss des Teststaubs auf die antimikrobielle 
Aktivität der Vliese untersucht. 
 
Im nächsten Kapitel dieser Arbeit, wurden PVA-Nanofasern mit einem quaternären Ammo-
niumsilan (3-(Trimethoxysilyl)–propyldimethyloctadecylammoniumchlorid (TMS-QAC18)) 
ausgestattet, um (i) eine antimikrobielle Aktivität und (ii) eine Wasserstabilität der Nanofa-
sern zu erzeugen. Hierbei wurden homogene PVA/TMS-QAC18 Komposit-Nanofasern 
durch Elektrospinnen einer wässrigen PVA-Lösung mit Zusatz von TMS-QAC18 erzeugt. 
Als weitere Methode wurden reine PVA-Nanofasern mit dem Organosilan beschichtet. Das 
Organosilan wurde durch Hitzebehandlung nach dem Spinnprozess permanent an das PVA 
gebunden. Hierbei veränderten sich die Oberflächeneigenschaften der Nanofaser-Vliese 
signifikant (erhöhte Hydrophobizität und verringerte Benetzbarkeit). Es wurde eine 
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Hemmung des bakteriellen Wachstums von B.subtilis nachgewiesen, während die Fasern je-
doch keinen signifikanten Effekt gegenüber E.coli aufzeigten. 
 
In dem folgenden Kapitel, wurden drei Strategien zur photoinduzierten, chemischen Vernet-
zung von PVA-Nanofasern entwickelt. Die Vernetzung wurde i) durch Ausbildung eines 
semi-interpenetrierenden Netzwerkes aus Polyethylenglykoldimethacrylat (PEGDMA) in-
nerhalb der PVA-Matrix, ii) durch vorherige Reaktion des PVAs mit Glycidylmethacrylat 
(GMA) in ein vernetzbares Produkt und iii) in Gegenwart von Natriumbenzoat als Sensibili-
sator durchgeführt. Alle Strategien wurden optimiert und hinsichtlich ihrer Effizienz zur 
Stabilisierung der Nanofasern gegenüber Wasser untersucht und verglichen. 
 
Zudem wurden PVA/Silika-Kompositnanofasern durch Elektrospinnen generiert. Die anor-
ganisch/organischen Kompositfasern besaßen eine exzellente intrinsische Wasserstabilität. 
Der Spinnprozess wurde hinsichtlich der resultieren Faserdurchmesser und –homogenitäten 
optimiert. Außerdem wurden die Nanofasern mit Nanosilber ausgestattet, um eine antimi-
krobielle Aktivität der Vliese zu erzeugen. Dafür wurde Silbernitrat als Additiv zu den 
Spinnlösungen zugegeben und nach dem Spinnprozess durch UV-Bestrahlung innerhalb der 
elektroversponnenen Fasern zu elementaren, sphärischen Nanosilber-Partikeln reduziert. Die 
antimikrobielle Aktivität der Vliese gegen E.coli und B.subtilis wurde nachgewiesen. Die 
mit Silber ausgestatteten Fasern wurden auch auf ihre thermische Stabilität hin untersucht. 
Höheren Temperaturen ausgesetzt, zeigte das Nanosilber eine veränderte Partikel-Morpho-
logie und eine reduzierte antimikrobielle Wirksamkeit. 
 
Im letzten Kapitel wurden PVA/Silika-Komposit-Nanofasern mit TiO2-Nanopartikeln 
ausgestattet. Die Komposit-Nanofasern wurden hierzu aus wässriger Lösung ohne die 
Verwendung von organischen Lösungsmitteln hergestellt und die TiO2-Nanopartikel nach 
dem Elektrospinnen auf die Nanofaser-Vliese durch Sprühen appliziert. Dabei wurde eine 
kommerziell erhältliche wässrige TiO2-Dispersion verwendet. Für die mit TiO2-ausge-
statteten Nanofasern wurde eine photokatalytische Aktivität nachgewiesen. Zusätzlich 
wurden reine Silika-Nanofasern hergestellt und diese auf die gleiche Weise mit TiO2-
Partikeln ausgestattet. Die Anhaftung und Verteilung der TiO2-Partikel auf den Fasern 
wurde für beide Fasertypen mittels Elektronenmikroskopie untersucht. Während bei den 
reinen Silikafasern kaum eine Anhaftung der TiO2-Partikel detektiert werden konnte, wurde 
für die PVA/Silika-Kompositfasern eine gute Anhaftung nachgewiesen.  
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Chapter 2 
Introduction 
 
2.1. Electrospinning 
2.1.1. Historic aspects 
Fundamental idea of utilising an electrical field for the generation of artificial threads, 
nowadays known as electrospinning, is dated back to the early 1900s. The inventions of 
Cooley and Morton in 1902 were the first creating apparatuses for drawing fibres from 
solution by means of electrostatic forces (Fig. 1, [5]). However, these formerly developed 
methods offered no feasible devices for collection of the produced threads making them 
incapable for manufacture. 
Thereon, between 1934 and 1944 mainly Formhals had published a series of patents with 
innovative set-ups for the generation of polymeric fibres already including beneath the 
classic spinning setup with one spinneret, needle-less and multi-spinneret devices (Fig. 1). 
Therewith, mostly cellulose derivates in acetone were used as spinning agents and various 
spinning devices were created. Main aim was even to receive a good fibre quality as well as 
a large quantity of the fibres and to make the technique economical for commercial fibre 
production. Drawbacks of these previous inventions were the incomplete drying and sticking 
of the fibres to each other due to the applied short distance between spinneret and collecting 
device as well as that no compact form of the fibre webs could be gained. Nevertheless, 
many of recent electrospinning constructions can be traced back to these early inventions. 
In the following time, only few further investigations were pursued and electrospinning 
generally had attracted very low attention. In 1960s, Taylor made studies on the jet 
formation at the nozzle induced by the electrical field. He observed a deformation of the 
droplet at the end of the tip into a conical shape after application of the electrical field, 
known as Taylor cone [1]. Larrando and Mandley reported as first in 1981 the 
electrospinning of fibres from polymeric melts (polyethylene and polypropylene) [3]. 
With increasing interest in nanotechnology and therewith arising application potential of 
nanofibres, the electrospinning technique has gained exponentially growing research interest 
during the last decades (Fig. 2). Whereas the publication number from 1994 to 1999 was still 
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below 10 per year, in 2007 the publication number nearly had reached 900 pointing out the 
big potential of this technique. Especially, the research work of Doshi and Reneker in the 
mid-1990s paved the way for further developments of this technique. 
Nowadays, a wide variety of pure and blended, natural and synthetic, organic as well as 
inorganic polymers have already been successfully electrospun into fibres allowing the 
production of tailored nanofibre webs for multiple applications, e.g. in filtration, catalysis, 
(bio-)medicine, protective or smart clothing, optical devices, membranes, sensors and as 
reinforcements in composite materials. Thereby, the generated nanofibres benefit from their 
flexibility in composition and in surface functionalities as well as especially from their large 
surface area to volume ratio which is directly associated with their small fibre diameter. 
 
US692631, Cooley, 1902 
Apparatus for electrically dispersing fluids 
 
US705691, Morton, 1902 
Method of dispersing fluids 
 
US1975504, Formhals, 1934 
Process and apparatus for preparing 
artificial threads 
 
US2109333, Formhals, 1938 
Artificial fiber construction 
 
Fig. 1 Selection of some early-dated patents about electrospinning 
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Fig. 2 Publication trend for electrospinning (provided from search engine SciFinder 
Scholar) 
 
2.1.2. Basic electrospinning setup 
The classic setup for electrospinning is a one-needle system which is mainly used in lab-
scale. It consists of three basic components: a high voltage supply, a spinneret (a syringe 
filled with the polymer solution or melt connected to the high voltage supply) and a 
grounded or an oppositely charged collector. A syringe pump is mostly used in order to feed 
the polymer solution with constant rate. 
The ejected polymer solution (or melt) becomes highly electrified by the applied high 
voltage (usually between 5 and 40 kV) which leads to the creation of an electrically charged 
jet which is drawn into the direction of the collector. On its way to the target the jet is 
stretched and whipped (theory of jet modelling see chapter 2.1.3). Furthermore, the solvent 
evaporates (in case of the polymer melts the jet solidifies) leading to the formation of 
nanometer-sized fibres which are collected on the target as a nonwowen fibre web (Fig. 3). 
Many parameters affect the electrospinning process and therewith the fibre formation. 
Influencing parameters include process parameters (electric field strength, feeding rate, 
needle geometry, etc.) and system parameters (concentration, viscosity, solvent, surface 
tension, conductivity, temperature, etc.). Also environmental conditions inside the 
electrospinning chamber as e.g. humidity, temperature, air velocity or artificial generated 
- Electrospinning - 
-10- 
conditions as vacuum or application of a surrounding gas influence the electrospinning 
process and therewith the shape of the generated nanofibres [2-8]. 
 
 
 
Fibre mat 
  
V 
Liquid jet 
Syringe pump 
Syringe with polymer solution 
Collector Spinneret  
Needle 
 
High voltage supply 
 
Fig. 3 Basic setup for electrospinning 
 
2.1.3. Theory of jet modelling  
Whereas electrospinning is very simple in construction, the spinning mechanism is rather 
complicated due to appearing instabilities of the accelerated jet on its way to the target. A 
fully understanding of the process’ theory presents still important aspect of actual research 
investigations for receiving the possibility of a certain fibre diameter prediction as well as 
for design of level-up setups for fibre production in industrial scale. The jet modelling 
mechanism generally involves three stages: i) initiation, ii) thinning and iii) solidification of 
the jet. 
Initiation of the jet occurs at the pendant droplet on the tip of the nozzle by application of a 
high voltage to the solution so that the droplet becomes highly electrified. Coulomb forces 
are exerted from the external electrical field. Inside the droplet, the surface tension tries to 
minimise the surface area and to hold the droplet form spherically. In addition, electrostatic 
repulsive forces try oppositely to maximise the distance between the electrical charges and 
therewith tend to enlarge the surface area by deformation of the droplet [6]. When the 
electric field is high enough, the droplet disorts first into conical shape (Taylor cone) and 
then jet formation is induced (Fig. 4). Beneath that, also other forces as gravity and viscosity 
of spinning solution influence the formation of Taylor cone [6]. 
The electrified jet is then accelerated and elongated by Coulomb forces in direction to the 
oppositely charged target and carries away the electrical charges in form of uncompensated 
ions. While moving, the jet undergoes an instability due to repulsing forces between the 
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electrical charges inside the jet. This bending instability is mainly responsible for thinning of 
jet diameter into the nanometre scale [2; 3]. It takes place in form of series of spiralling 
loops with growing diameters as both, elongation and bending continues. Beneath this first 
order bending instability also higher order bending instabilities of the jet were recently 
reported (Fig. 5); additionally further instability types as branching and buckling of the jet 
were observed [2]. 
The last state of the jet modelling, the jet solidification, depends on the solvent vapour 
pressure and therewith on the evaporation rate of the solvent as well as on the available time 
for the solvent to evaporate. The latter is directly affected by the distance between spinneret 
and target. 
 
 
Fig. 4 Evolution of the pendant drop at the tip of the nozzle by application of a high voltage 
[2] 
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Fig. 5 Scheme of the trajectory of electrospinnining jet containing three orders of bending 
instabilities [2] 
 
2.1.4. Set up modifications and commercialisation 
Electrospinning itself possesses besides a high flexibility and versatility in fabrication of 
continuous nanofibres also a high modifiability. Beneath the classical spinneret system 
consisting of one nozzle (mainly used in lab-scale) also a coaxial spinneret, multi-needle and 
needle-less devices were developed [5]. A coaxial spinneret offers the possibility of 
preparing either single fibres out of two different materials or hollow fibres by removing the 
core of the fibre subsequently. Multi-needle and needle-less devices were mainly developed 
with the focus in level-up of the fibre production rate. In case of multi-needle systems 
electric field interferences between the adjacent nozzles occur so that construction of these 
systems illustrates a demanding task and has to be adjusted in order to minimise those 
interferences [8]. By this technique also mixed fibres of different materials with desired 
ratios can be fabricated [5]. Needle-less systems utilise e.g. cylindrical shapes [9; 10], 
multiple spikes [11] or porous electrospinning sources [12]. Due to tendency to higher 
deviations in fibre diameter this systems also necessicates an adjustment of the 
electrospinning parameters to receive homogeneous fibre webs [5]. 
Additionally, the collecting target can assume manifold shapes and therewith formation of 
fibres into usual nonwoven mats as well as into aligned nanofibres was realised [4; 5; 8]. 
Beside the usage of solid collectors, fibres can also be deposited on liquids, such as water 
[13; 14]. As collector material conductive as well as insulating materials [4; 15; 16] were 
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applied. For commercialisation of the electrospinning process with regard to economical 
aspects, devices allowing a continuous nanofibre collection are in the centre of interest. 
Depending on the field of application also alignment of the nanofibres is desirable, e.g. for 
proliferation of cell cultures [58]. 
In Fig. 6 most common collector shapes for electrospinning are illustrated. A grounded 
metallic plate is mainly used in lab-scale due to its simplicity. On this target the fibres are 
deposited randomly as a nonwoven nanofibre web. By means of a frame, free-standing 
nanofibre webs without support are gained and certain alignment of the nanofibres limited in 
length can be achieved [4]. Highly aligned nanofibres are fabricated by usage of parallel 
electrodes or a rotating drum as collecting devices. In case of the rotating drum, the 
alignment is strongly dependant on the rotation speed. The higher the rotating speed the 
higher the alignment degree of the nanofibres. But still disoriented fibres appear presumably 
due to a residual charge accumulation on the deposited nanofibres [5]. The usage of two or 
more parallel electrodes as collector leads also to highly aligned nanofibres. But the 
generated fibres possess limited lenghts and the thickness of the deposited fibre layer is low 
[5]. 
 
 
Plate 
 
 
Frame 
 
 
Rotating drum 
 
Parallel electrodes 
 
Fig. 6 Common targets for electrospinning 
 
Only few studies were made regarding the applied voltage type. In addition to the mostly 
used DC potential, the application of AC affects the fibre formation in a different manner. 
For AC significantly increased surface coverage on insulating substrates was detected 
possibly due to a reduction in the amount of surface charges [16]. Fibre morphology is also 
affected by the polarity of the applied voltage. It was observed that finer fibres were 
produced by negative than by positive voltage on an insulating material [15]. 
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Additionally, for easier technical feasibility of electrospinning process it is more 
advantageously to apply the high voltage to the collector instead as commonly used to the 
spinning device. By application of the high voltage to the spinneret, the complete equipment 
in contact with the polymer solution (e.g. the pump motor, electronics) is also brought to 
high voltage exerting a negative effect on the durability of those systems [17]. 
 
2.2. Environmentally friendly electrospinning 
Beneath economy of the process, ecologicy presents an important aspect for 
commercialisation purposes. Most of nanofibres described in literature were generated from 
spinning solutions with organic solvents, but for a high environmentally acceptability and an 
easier technical feasibility in industrial scale, usage of polymeric melts or water-based 
systems as spinning media are advantageously. Whereas both systems possess high 
potential, this work was focussed on the development of the electrospinning of water-based 
systems utilising water soluble polymers as spinning material. 
Electrospinning of water soluble polymers results in nanofibres which also disintegrate due 
to their water solubility at contact to aqueous media directly. Therefore, a water stabilisation 
of the nanofibres is required with regard to several fields of applications in which fibres are 
exposed to humid conditions, e.g. for filtration or medical purposes and investigated within 
this thesis. 
 
2.3. Electrospinning of poly(vinyl alcohol) (PVA) and water stabilisation 
In order to the meet specific demands on the nanofibres as their environmentally friendly 
production as well as their water stability, PVA presents an adequate spinning material. On 
the one hand it is water soluble and electrospinning of PVA can be performed from aqueous 
solutions leading to the generation of homogenous nanofibre webs [18]. On the other hand it 
offers different possibilities for a water stabilisation either accomplished by chemical and 
physical cross-linking or by combination with inorganic components such as silica forming 
water stable hybrid materials. 
Furthermore, PVA possesses a variety of advantageous chemical and physical properties 
like chemical resistance, high melting point and biological compatibility and represents an 
inexpensive, non-toxic material which is commercially available in a broad range of degrees 
of polymerisation and hydrolysis. 
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Due to its pendant, functionalisable hydroxyl groups, water stabilisation can be performed 
by integration of cross-linkable groups. Additonally, cross-linking agents can be used to 
form a semi-interpenetrating network within the PVA matrix or to induce the formation of 
interlinks between the polymer chains. For chemical cross-linking of PVA nanofibres, 
thienyl acrylate groups were inserted by esterfication with PVA followed by UV-induced 
cross-linking reaction [19] also in combination with tetraethyleneglycol dimethacrylate [20]. 
Furthermore, cross-linked PVA nanofibres were obtained by annealing with poly(acrylic 
acid) (PAA) [21] or by addition of maleic anhydride as cross-linking agent [22]. 
Furthermore, the crystalline nature of PVA suggests the possibility of “physical” cross-
linking. By annealing above the glass transition temperature TG, the polymer chains gain 
enough mobility to align themselves and therewith to migrate into more ordered (crystalline) 
and energetically favourable conformations [23; 24]. Also strong hydrogen bonding between 
neighbouring polymer chains holds the molecules in a regular structure and forms ordered 
regions (crystallites) beside the amorphous polymer matrix. In literature, electrospun PVA 
nanofibres were stabilised by post-treatment with methanol leading to increased 
crystallinity, presumably due to removal of residual water within the fibres by the alcohol 
which allowed the formation of intermolecular hydrogen bonds [25]. Increased crystallinity 
and therewith lower solubility and swelling in water can also be obtained by heat treatment 
of PVA [23; 24; 26; 27]. 
Combination of PVA with an inorganic sol consisting of silica precursors presents also an 
adequate possibility to receive water-stable nanofibres from aqueous spinning solution. 
Water stability is obtained due to formation of an interlinked hybrid system by strong 
interactions between the hydroxyl groups of the PVA and the residual silanol groups of the 
inorganic phase in form of hydrogen bonds. The network between PVA and silica 
suppresses the swelling of PVA in water and enhances its thermal stability [28-34]. Hybrid 
PVA/silica nanofibres can be produced via electrospinning [35; 36] by combination of an 
aqueous PVA solution with a silica sol produced by the sol-gel-process. 
 
2.4. Antimicrobial functionalisation of nanofibres 
Hygienic functionalised nanofibres are materials of special interest for applications e.g. in 
(air)filters and wound pads as they combine permeability with selective barrier properties. 
Antimicrobial activity is required as a consequence of multiplication of microorganisms at 
certain conditions for inhibiting uncontrolled growth of the microbes. Thereby, 
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antimicrobial functionalised nanofibres possess high efficiency due to their high surface 
area-to-volume ratio. 
For providing nanofibres with antimicrobial properties, antimicrobials were employed 
directly as spinning dope, e.g. chitosan [37], polyurethane cationomer [38], 
poly(vinylphenol) derivates [39] and poly(vinyl pyrrolidone)-iodine complex [40]. Besides, 
the antimicrobial agent was used as add-on to the spinning solution or was generated within 
the nanofibres (e.g. disinfectants [41-43], silver nanoparticles [44-52]; chitosan [53-55]; 
titanium dioxide [56]; antibiotics [57]). 
Within this thesis, antimicrobial functionalisation of the nanofibres was achieved by silver 
nanoparticles. Furthermore, the quaternary ammonium silane 3-(trimethoxysilyl)-propyl-
dimethyloctadecyl ammonium chloride (TMS-QAC18) and photocatalytical titanium dioxide 
were utilised as antimicrobial agents. 
 
2.5. Contents of this thesis 
This thesis is concerned with the development of antimicrobial active and water stable PVA 
nanofibres gained from aqueous spinning solutions by electrospinning. Different 
antimicrobial functionalisation methods and water stabilisation strategies of the electrospun 
PVA nanofibres were demonstrated. 
The contents of the chapters of this thesis are given as follows: 
 
Chapter 1 gives a summary about this thesis. 
Chapter 2 (the present chapter) gives a short introduction into the electrospinning technique 
ranging from its historical aspects to novel developments. Additionally, the previous done 
work concerning water stabilisation and antimicrobial functionalisation of PVA nanofibres 
is described. 
Chapter 3 deals with the development of PVA nanofibres with integrated nano-Ag with 
regard for utilisation of these fibres in filter materials. Water stabilisation of the nanofibres 
was realised by heat treatment increasing the crystallinity of PVA. 
In Chapter 4 PVA nanofibres were provided with an antimicrobial active quaternary 
ammonium silane compound exerting simultaneously also stabilisation effect on the 
nanofibres towards water. 
Chapter 5 is concerned with three different photo-induced chemical crosslinking strategies 
for PVA nanofibres. Thereby, crosslinking was performed by formation of a semi-
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interpenetrating network within the fibre matrix, in the presence of a sensitizer and by 
synthesis of a PVA-derivative with crosslinkable groups. 
Chapter 6 deals with the development and characterisation of PVA/silica nanofibres with 
Ag-nanoparticles having intrinsic water stability. The hybrid nanofibres were electrospun 
from an aqueous silica sol / PVA precursor solution. 
Chapter 7 describes the preparation and characterisation of PVA/silica and silica nanofibres 
provided with photocatalytical TiO2 nanoparticles. 
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Chapter 3 
Nano-Ag containing poly(vinyl alcohol) nanofibres and 
stabilisation via physical cross-linking for application in filter 
media 
 
3.1. Abstract 
Nanofibres integrated in filtration media offer a high efficiency in combination with a high 
dirt-holding capacity. Special desired functional properties as e.g. antimicrobial activity can 
be implemented to the nanofibres due to their high surface area-to-weight ratio and their 
capability of functionalisation. In the present work, the formation of antimicrobial 
poly(vinyl alcohol) (PVA) nanofibre webs containing spherical nano-Ag via electrospinning 
with special regard to utilisation in filter media was studied. Thereby, electrospinning was 
performed at environmentally friendly conditions from aqueous spinning solutions. Aqueous 
PVA solutions with silver nitrate were electrospun and nanofibres were UV irradiated in 
order to reduce the silver ions within the fibre matrix to elemental nano-sized silver. The 
nano-Ag was investigated by FESEM, SEM-EDX and analysis of the optical properties by 
detection of plasmon resonance. Further regard was given to (i) the stabilisation of the 
resulting nanofibre webs towards aqueous surroundings by heat induced crystallisation, (ii) 
the influence of spinning and solution parameters on the resulting fibre morphology and (iii) 
investigations on antimicrobial functionality. Here, the minimum efficient nano-Ag content 
as well as the release behaviour of silver ions from the fibre matrix in comparison to that of 
silver salts was studied. Additionally, the nanofibres were examined concerning their 
potential usage in filters by electrospinning them directly on support fleeces and application 
of standardised test dust onto the nanofibre webs. Thereby, the deposition behaviour of the 
test dust on the nanofibres and its potential impact on antimicrobial activity were 
investigated. 
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3.2. Introduction 
Nanometer-sized fibres integrated in filter materials lead to a highly improvement of filter 
efficiency which is associated with fibre fineness. They are accessible by the electrospinning 
process which demonstrates a simple and versatile method for generation of nanofibre webs 
[1-4]. Filter media equipped with nanofibres combine high efficiency with low air resistance 
and small decrease in permeability during use [5-9]. Nanofibres possess a high surface area 
(ca. 20 m
2
/g at a fibre diameter of 200 nm) and a negligible basic weight (0.02-0.5 g/m
2
) [8]. 
Because of the high surface area to weight ratio, the number of interactions between filtrate 
and filter is enhanced compared to conventional materials so that (i) hazardous molecules 
can be rapidly absorbed or (ii) active substances released. Furthermore, nanofibrous filter 
media exert beneath mechanical also strong electrostatic forces on the filtrate. They provide 
the possibility of trapping submicron particles ≤ 0.5 µm easily (e.g. pollen, fine dust) and 
possess a high dirt holding capacity [5-9]. Due to low basic weight and the possibility to 
cover a large area with small amounts of the spinning material still forming a closed fibre 
web the material requirement is minimal. 
For application of nanofibres in filter media, certain properties of the fibre morphology as 
fibre fineness (low fibre diameter) and homogeneity (uniform morphology, low variation of 
fibre diameter) are desired. In order to obtain a constant and highly efficient material, it is 
important to control fibre morphology. Influencing parameters of the electrospinning include 
process parameters (electrical field strenght, flow rate, needle geometry) and system 
parameters (polymer concentration, viscosity, solvent, surface tension, ionic strength, pH 
value, et al.). Environmental factors as humidity, temperature and air velocity in the 
electrospinning chamber also affect the formation of the nanofibres. Examination of these 
parameters provides the possibility of optimisation of fibre morphology and therewith 
receiving desired fibre properties [10-14]. 
Further specific demands on the fibre material can be made concerning e.g. antimicrobial 
activity and water stability depending on its application. Aside from this, environmentally 
friendly production conditions are required for simple technical feasibility without 
additional disposal of hazardous organic solvents. Therefore, organic solvents should be 
mainly excluded from fibre production by application of melt-spin processes or water as 
solvent. Materials for fibre generation should be easily available and inexpensive in order to 
reduce production costs. 
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Antimicrobial activity is required as a consequence of multiplication of microorganisms at 
certain conditions for inhibiting uncontrolled growth of the microbes on the filter surface. 
This can be obtained by addition of disinfectants e.g. organic agents (quaternary ammonium 
compounds, triclosan), metalorganics (e.g. organotin compounds) as well as inorganic 
additives (silver halides, elemental silver, cadmium compounds etc.) [15-17], either applied 
as individual additives or as polymers with antimicrobial function. Whereas antimicrobial 
polymers are supposed to generate nanofibres at certain conditions, non-polymeric 
compounds can be used as additives to the spinning solution. 
The latter are represented e.g. by silver and silver ions already established as an aseptic in a 
wide area of applications particularly, in medicine e.g. in unguents / tinctures, wound-
dressings, catheters, prostheses or medical devices [15; 16]. Silver and silver ions are non-
toxic for humans [18] in opposition to other antimicrobial agents that release to greater or 
lesser extent toxic compounds so that prophylactic application of these agents is not 
advisable. Silver also has strong inhibitory and bacterial effect as well as a broad spectrum 
of antimicrobial activities [15; 16]. Especially the excellent antimicrobial activity of silver 
nanoparticles [16; 19; 20] raises expectations for the development of with antimicrobial 
nanofibres provided filters. Silver nanoparticles act as a reservoir which continuously 
releases silver ions over a long period of time due to corrosion of the outer silver layer. 
Thus, there is no uncontrollable burst-release of silver ions into the surrounding. In 
opposition to that, antimicrobial additives consisting of silver salts show an uncontrolled 
short-term effect depending on their solubility in the surrounding [15]. Silver nanoparticles 
are antimicrobial effective already in very low concentrations due to their high surface area 
[19; 20]. The silver ions released from the silver form complexes with numerous functional 
groups of the bacteria cell inhering sulphur, oxygen or nitrogen which are located in 
different regions of the microbe (in cell membrane, cell plasma, RNA/DNA, etc.). Due to 
the impact of the silver ions on different functions of the microbe, the risk of resistance 
induction is reduced to a minimum [16]. 
For generation of nano-Ag-bearing nanofibres, silver can be added to the spinning solution 
either in form of nanoparticles [21; 22] or as silver-ions which can be reduced to nano-Ag 
by a corresponding post-treatment [23-32]. Reduction of ionic silver can be achieved i) by 
subsequent UV-irradiation of the fibre webs [24; 25; 27; 28], ii) by the use of reducing 
agents as hydrazinium hydroxide [26] and hydrogen [32] as well as iii) by heat-treatment of 
the nanofibres [29-31]. 
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In order to meet specific demands as water stability and environmentally friendly 
cost-effective production, PVA shows good promise as spinning material because of its 
chemical and physical properties as chemical resistance, high melting point and biological 
compatibility. It is offered in a broad range of degrees of polymerisation and hydrolysis. 
Additionally, it is an inexpensive, non-toxic and water soluble material. As a consequence of 
water solubility, aqueous spinning solutions of PVA can be prepared [10; 33; 37] and 
electrospinning can be performed at environmentally friendly production conditions. 
Electrospun PVA fibres are completely soluble in water [33; 34]; for water stabilisation the 
fibres have to be modified by physical or chemical cross-linking. 
In literature, electrospun PVA nanofibres were stabilised by post-treatment with methanol 
leading to increased crystallinity, presumably due to removal of residual water within the 
fibres by the alcohol which allowed the formation of intermolecular hydrogen bonds [33]. 
Increased crystallinity and therewith lower solubility and swelling in water can also be 
obtained by heat treatment of PVA [24; 28; 38; 39]. PVA nanofibres were also water 
stabilised by annealing with poly(acrylic acid) (PAA) leading to an esterification of PAA 
with PVA [34], by insertion of thienyl acrylate groups into the PVA in combination with 
tetraethyleneglycol dimethacrylate [35] or by additions of maleic anhydride as cross-linking 
agent [36]. 
Aim of the present work was the generation of antimicrobial, water stable PVA nanofibres 
for air filtration uses. In order to receive antimicrobial activity PVA nanofibres were 
provided with nano-sized silver by reduction of silver ions within the fibre matrix by UV 
irradiation. The presence of nano-Ag was proven by FESEM, SEM-EDX and plasmon 
resonance analyses. For investigations in fibre morphology with regard to homogeneity and 
fineness, the influence of the process parameters, polymer and salt concentration on the fibre 
morphology was examined. Regarding their electrospinning pure PVA nanofibres were 
compared to that of PVA nanofibres with silver. 
Water stability of nanofibres was achieved by heat treatment and therewith increasing the 
fibres crystallinity. Optimum heating conditions in order to obtain maximum crystallinity 
were determined via DSC. Crystallinities of pure and silver containing PVA nanofibres were 
determined and compared to detect if the nano-silver within the fibre matrix interacts with 
the crystallisation process of the PVA matrix. Water stabilities were examined by exposure 
of the fibres over defined periods to water and subsequent detection of fibre morphologies 
before and after water treatment. Furthermore, investigations on stability of PVA nanofibres 
exposed to heated water with temperatures between RT and 50 °C were pursued. 
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Antimicrobial activity of the silver containing fibres against E.coli and B.subtilis was proven 
by adapted contact tests and determination of optical densities as a measure for the bacterial 
growth. Thereby the minimum Ag content of the nanofibre webs was determined to achieve 
antimicrobial activity. Release behaviour of silver ions from PVA nanofibres with nano-Ag 
was investigated via shaking tests and subsequent AAS analyses of the released silver 
content. 
Further regard was given to application of the nanofibre webs to filter materials. For that 
nanofibres were directly electrospun on support fleeces applicable to filters. Deposition of 
the nanofibres concerning uniformity on the support material was determined. Additionally, 
standardised test dust (Aeshrae) was applied to the nanofibre webs to investigate if 
impurities on the nanofibres, which can occur during practical use of the fibres in filters 
interfere with their antimicrobial efficiency. Deposition behaviour of the dust on the 
nanofibre webs was determined by electron microscopy. 
 
3.3. Experimental Part 
3.3.1. Materials 
Poly(vinyl alcohol) (PVA; MW 146.000-186.000 g/mol / 98-99 % hydrolysed; MW 13.000-
26.000 g/mol / 98 % hydrolysed; MW 85.000-124.000 g/mol / 98 % hydrolysed, Sigma-
Aldrich), Triton
®
 X-100 (≥ 98 %, Merck), silver nitrate (≥ 99.5 %, Sigma-Aldrich), distilled 
water, seral water (0.02 µS). All substances / solvents were used as received without further 
purification. 
3.3.2. Preparation of the spinning solutions 
PVA powder (MW 146.000-186.000 g/mol, degree of hydrolysation: 98-99 %, otherwise 
noted) was mixed with distilled water (8 wt.-%, otherwise noted) and stirred at 80 °C until 
complete dissolution of the polymer. After cooling, Triton
®
 X-100 (0.25 wt.-%, Scheme 1) 
was added and the solution was stirred for further 30 min at RT. 
For generation of PVA fibres with incorporated silver nanoparticles, silver nitrate 
(0.5 wt.-%, otherwise noted) was added to the PVA solution before electrospinning and 
dissolved by stirring for ca. 15 min. 
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Scheme 1 Chemical structure of Triton
®
 X-100 (Octylphenoldecaethylenglycolether) 
 
3.3.3. Electrospinning 
Electrospinning was performed at environmental conditions using three basic components: a 
spinneret (syringe filled with polymer solution and with adapted metallic canula inserted in a 
syringe pump (Alaadin)), a high voltage supply (KNH34/P2A, Eltex) connected to the 
canula and a grounded target placed in a defined distance to the spinneret. As target a 
grounded aluminium plate with a fixed aluminium foil, a metallic frame or a rotating 
metallic drum was used depending on the subsequent analyses of the nanofibres. For 
experiments performed in this work the following electrospinning parameters were applied, 
if not otherwise noted: a high voltage of 17 kV, a tip-to-target distance of 15 cm and a 
feeding rate of the polymer solution of 0.5 mL/h. 
3.3.4. UV irradiation 
Nano-scaled spherical silver within the fibre matrix was obtained by UV irradiation (Osram, 
300 W, 4 h) of silver ion containing nanofibre webs. 
3.3.5. Electron microscopy and EDX analysis 
The morphology of the fibres was investigated by using a scanning electron microscope 
(SEM) (Hitachi S3000N or Cambridge S360). For energy dispersive analyses of X-rays 
(EDX), SEM-EDX was used (Hitachi S3000N / EDAX). Images from fibres with integrated 
Ag nanoparticles were taken with field emission scanning electron microscope (FESEM; 
Hitachi / S4800). For determination of the fibre diameter and the size of the nanoparticles, a 
commercial image analysis program was used. 
3.3.6. Differential scanning calorimetry (DSC) 
DSC (Perkin Elmer DSC 7) was performed in N2-atmosphere on 3-5 mg of nanofibre 
samples weighed in aluminium pans. The samples were heated with a temperature gradient 
of 10°C/min from 20°C to 300°C. The baseline was determined by measurement of the 
temperature difference of two empty crucibles in the same temperature range. 
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3.3.7. Antimicrobial testing 
Antimicrobial activity of the PVA nanofibres with nano-Ag was tested via a contact tests as 
well as by measurement of optical density. For all antimicrobial tests, fibres were previously 
stabilised against water disintegration by heat treatment (PVA fibres: 150°C for 10 min; 
PVA/Ag fibres: 150°C for 25 min). 
For contact tests, the samples were sterilised (at 110°C for 30 min) and inoculated with 
microbial strains of E.coli and B.subtilis, respectively. After exposure of the samples over 
2.5 h at 25°C and at 90 % relative humidity in a climate chamber, samples were contacted 
for 15 min under standardised conditions (attaching a 12 g weight) with the inoculated site 
onto nutrient agar plates and removed again. Thereafter the nutrient agar plates were 
incubated at 37°C overnight and analysed visually if bacterial growth had occurred. 
For examination of optical density, the nanofibres were cut into pieces having a weight of 
2.5 mg and sterilised at 110°C for 30 min. 2.5 mL nutrient solution was added and the 
samples were agitated for 45 min at RT. After inoculation with microbiological strain of 
E.coli or B.subtilis and incubation (37 °C, 160 rpm) overnight, optical density was measured 
at a wavelength of 612 nm with a photometer (Varian Cary 100 Bio). 
3.3.8. UV-VIS spectroscopy 
In order to observe plasmon resonance of silver nanoparticles, UV-VIS spectroscopy was 
performed with a photometer (Varian Cary 100 Bio). For sample preparation, the nanofibre 
webs containing Ag nanoparticles were dissolved in seral water by frequent shaking. The 
solution was then filtered through a 0.2 µm membrane filter and examined by taking a 
spectrogram from 200 to 800 nm. 
3.3.9. Surface tension (Wilhelmy method) and viscosity (Ubbelohde) 
Surface tensions of polymer solutions were determined according to Wilhelmy method. For 
that, the force was measured which was needed to overcome the resistance of the liquid by 
immersion of a standardised platinum plate with known length. 
Viscosity measurements of the polymer solutions were performed by using an Ubbelohde 
viscosimeter with a thermostat (Schott instruments, thermostat CT 1450/2). 
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3.3.10. Silver release 
For examination of silver ion release from nano-Ag and silver salts, PVA nanofibre webs 
with nano-Ag and silver salts were prepared and stabilised by heat treatment (150°C for 
25 min). The fibres were cut into pieces with a weight between 2 and 4 mg and put each into 
a 50mL Erlenmeyer flask. 10 mL seral water was added, the flasks were sealed with 
parafilm and shaken at 40°C and 90 rpm (shaker Heidolph Unimax 1010 with incubator 
1000). After different shaking times, solutions were filtered through a 0.2 µm membrane 
filter. Subsequently, the silver content within the solutions was detected via atomic 
absorption spectroscopy (AAS). The determination of the released percentage of silver was 
calculated from the overall silver amount within the fibres before extraction. 
3.3.11. Application of standardised test dust onto nanofibre webs 
Dust-loading of the nanofibres was performed by deposition of a weighted dust amount 
(Aeshrae, 9.26-15.43 mg) onto the surface of a circular cut nanofibre web with a radius of 
1.4 cm (accordingly an area of 6.17 cm
2
) so that a dust loading of 15-25 g/m
2
 resulted. After 
deposition of test dust, the circular nanofibres pieces were placed into a Büchner funnel with 
the dust-loaded side upwards. Then vacuum was applied to absorb the dust into the 
nanofibre web. 
 
3.4. Results and Discussion 
3.4.1. Effect of solution and process parameters on PVA fibre morphology 
For potential application of the nanofibres in filter media, the average fibre diameter should 
be low. The same counts for the deviation of the diameter in order to achieve a constant and 
controllable material. Furthermore, the fibres should exhibit no fractures and irregularities in 
their structure. Therefore, optimisation of the fibre morphology presents an important factor 
for gaining homogenous fibre webs. Therefore, the electrospinning behaviour of PVA was 
investigated in dependence on molecular weight, polymer concentration and processing 
parameters. 
 
Influence of molecular weight and PVA concentration 
The molecular weight exerts remarkable influence on the spinning behaviour of PVA 
nanofibres [40]. This influence was investigated for PVA samples of three different 
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molecular weights applying the same concentration (8 wt.-%) in water and examination of 
fibre morphology by electron microscopy (Fig. 1). At a low molecular weight of 
13.000-23.000 g/mol, no fibrous structures were formed and only particles were generated 
(Fig. 1a). With increasing the molecular weight nanofibres could be obtained. This is related 
to the increasing number of intermolecular interactions and entanglements of the polymer 
chains (Fig. 1b and c). Thereby an increase in molecular weight from 85.000-124.000 g/mol 
(Fig. 1b) to 146.000-186.000 g/mol (Fig. 1c) led also to an increase in fibre diameters from 
250 nm to 350 nm. The lower molecular weight PVA showed fractures within the fibres and 
isolated beady inhomogeneities, whereas the higher molecular weight polymer led to stable 
and homogenous nanofibre webs. Hence, the highest molecular weight of the chosen PVAs 
was most convenient to obtain homogenous stable nanofibres. 
 
 
(a) (b) (c) 
Fig. 1 Electrospun product from 8 wt.-% PVA solutions with MW 13.000–23.000 g/mol (a), 
MW 85.000-124.000 g/mol (b) and MW 146.000–186.000 g/mol (c) 
 
The weight concentration of PVA had also conspicuous effect on the degree of polymer 
chain entanglement and therewith, on fibre morphology. As a consequence of an exponential 
viscosity increase besides a nearly constant surface tension (Fig. 2) variation of the PVA 
concentration led to different appearances of the fibre morphology. Enlargement of PVA 
concentration should usually result in a slightly decrease in surface tension [38]. But due to 
addition of the surfactant Triton
®
 X-100 to the spinning solution, surface tension was 
reduced from 56 mN/m to a limit of 32.5 mN/m so that the PVA concentration had no 
further influence on surface tension. 
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Fig. 2 Viscosity (■) and surface tension (▲) as function of PVA concentration in water 
 
At low PVA concentrations (2 and 4 wt.-%) predominant electrospraying occurred as a 
consequence of the poor entanglement of the polymer chains. This led to the generation of 
fibre/particle-intermediates with a higher ratio of fibres to particles for the 4 wt.-% PVA 
solution due to an increased chain entanglement (Fig. 3a, b). Homogeneous and fine fibre 
webs were gained at concentrations of 6 and 8 wt.-% PVA with average diameters (AD) of 
170 and 360 nm (Fig. 3c, d). Further expansion of the PVA concentration to 10 wt.-% 
resulted in a high increase in fibre diameter (AD 960 nm) and inhomogeneity (Fig. 3e). 
Finally, a 12 wt.-% PVA solution was too viscous for electrospinning; in this case the 
polymer solutions just dropped down without attraction to the target. 
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(c) (d) 
 
(e) 
Fig. 3 SEM images of PVA nanofibres electrospun out of spinning solutions with 2 wt.-% 
(a), 4 wt.-% (b), 6 wt.-% (c), 8 wt.-% (d) and 10 wt.-% (e) PVA 
 
On closer examination fibre fractures were observed for the fibre webs obtained from 
6 wt.-% PVA solutions (Fig. 4a) (fractures framed with black circles) indicating a lesser 
stability whereas the fibres obtained from 8 wt.-% PVA solutions exhibited no fractures 
(Fig. 4b). Despite the increase in fibre diameter from 170 to 350 nm, a concentration of 
8 wt.-% PVA was favoured for further investigations and the generation of PVA nanofibres. 
 
  
(a) (b) 
Fig. 4 SEM images of PVA-webs electrospun out of spinning solutions with 6 wt.-% (a) and 
8 wt.-% (b) PVA 
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Influence of process parameters 
The diagrams in Fig. 5 show the influence of the processing parameters on the resulting 
fibre diameters as well as on its variation width (illustrated as error bars inside the 
diagrams). The tip-to-target distance affected the fibre diameters significantly (Fig. 5a). 
Electrospinning with a distance of 10 cm led to a very inhomogeneous fibre web. Spinning 
distances between 15 cm and 25 cm resulted in homogeneous fibre webs showing a 
constantly increasing diameter with increasing distance. Further increase up to 30 cm caused 
again a diameter reduction accompanied by a reduced homogeneity. Therefore a distance of 
15 cm was optimum. 
The feeding rate of the polymer solution presented also an influencing parameter. In general, 
the fibre diameter is reduced with increasing the feeding rate the fibre diameter was reduced 
(Fig. 5b). At a value ≥ 1 mL/h the diameter increased slightly but not significantly and 
beady inhomogeneities within the fibre structure occurred. 
The inner diameter in the range of 0.4 to 1.2 mm of the needle exerted no significant 
influence on fibre morphology (Fig. 5c). In opposition to that, the applied voltage exerted 
again a significant influence (Fig. 5d) which was similar to that of the tip-to-target distance. 
At a value of 5 kV, the electric field was too low for overcoming viscosity and surface 
tension of the polymer solution so that no polymer jet was formed and the PVA solution just 
dropped down. A constant increase in voltage from 10 kV up to 25 kV led to also constantly 
increase of the fibre diameters. Further expansion to 30 kV resulted again in a decrease in 
diameter but accompanied by a higher deviation indicating lesser homogeneity. 
These results were consistent with literature. In case of the influence of the voltage generally 
a higher voltage should eject more fluid in a jet resulting in a larger fibre diameter [1], but 
some studies showed also opposite trends [2]. However, the effect of the voltage and also of 
the other parameters on the diameter involves more factors. In literature, a theoretical model 
was developed in which the final diameter arises from a force balance between surface 
tension and electrostatic charge repulsion [41]. The forces that determine the jet diameter 
might be related to the flow rate, the electrical field strength and the surface tension. 
Another theoretical model for determination of the fibre diameter describes the effects of 
thirteen main material and operating parameters influencing the electrospinning process 
[42]. Thus, no direct dependence between one process parameter and the fibre diameter 
could be extracted by regarding the parameters separately. However, for electrospinning of 
an aqueous 8 wt.-% PVA solution, a voltage of 17 kV, a feeding rate of 0.5 mL/h and a tip-
to-target distance of 15 cm were found as optimum conditions. Electrospinning of an 
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aqueous PVA solution under optimised conditions led to the formation of homogeneous 
uniform fibre webs (Fig. 6a) consisting of ultrafine fibres with an average diameter of 
350 nm ± 50 nm (Fig. 6b). 
 
 
Fig. 5 Fibre diameters and its variation of PVA nanofibres in dependence on the applied 
tip-to-target distance (a), feeding rate of the polymer solution (b), inner needle 
diameter (c) and voltage (d) 
 
  
(a) (b) 
Fig. 6 Macroscopic (a) and SEM image (b) of PVA nanofibres 
 
- Results and Discussion - 
-36- 
3.4.2. Incorporation of Ag nanoparticles into PVA nanofibres 
For receiving PVA nanofibres with nano-Ag, small amounts of silver nitrate were added to 
the spinning solution. Electrospinning of this solution led to deposition of very fine-
structured white-coloured nanofibre webs. During subsequent UV irradiation the colour of 
the fibre mats turned from white to slightly yellow (Fig. 7a) indicating the formation of 
Ag nanoparticles by reduction of silver ions to elemental silver. 
As shown in Fig. 7b the nano-silver containing fibre webs gained at same electrospinning 
conditions as used for PVA (17 kV, 0.5 mL/h, 15 cm) consisted of very homogeneous 
nanofibres with an average diameter of 380 nm ± 50 nm. In comparison to pure PVA 
nanofibres (AD 350 ± 50 nm), the average fibre diameter was slightly but insignificantly 
increased. The nano-Ag amount within the fibres was theoretically calculated with the 
assumption of a complete reduction of all silver ions within the fibre matrix so that in case 
of an addition e.g. of 0.5 wt.-% AgNO3 into the spinning solution a content of 3.7 % nano-
Ag was expected. The colour intensity of the PVA/Ag fibre webs was in direct correlation to 
the applied silver salt concentration (Fig. 8). 
 
   
5µm
(a) (b) 
Fig. 7 Macroscopic (a) and SEM image (b) of PVA fibres with 3.7 % Ag-nanoparticles 
 
 
Fig. 8 PVA nanofibre webs with different percentages of nano-Ag 
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At higher magnification with FESEM, uniformly distributed spherical Ag nanoparticles with 
diameters ranging from 3-8 nm were detected within the PVA nanofibres (Fig. 9a, b). Also 
isolated larger-sized silver particles were formed with an average diameter up to 100 nm 
(Fig. 9a). The latter indicated an additional aggregation of silver nanoparticles during 
spinning and UV post-treatment, respectively. SEM-EDX analysis supported this and 
showed the silver on the fibres (Fig. 10). 
 
  
(a) (b) 
Fig. 9 FESEM images of PVA nanofibres with silver nanoparticles 
 
 
Fig. 10 EDX analysis of PVA/Ag nanofibres 
 
Dissolution of the PVA fibres with Ag nanoparticles by immersion and frequent shaking in 
water produced a slightly yellow-coloured colloidal dispersion which was examined via 
UV-VIS spectroscopy. The spectrum (Fig. 11) showed a maximum absorption at a 
wavelength of 416 nm corresponding to the plasmon resonance of small spherical silver 
particles [16; 44; 45]. Nanoparticles possess different properties compared to normal-sized 
substances, especially in electronic characteristics like conductivity and magnetism [46]. 
Especially metallic nanoparticles as silver and gold have specific optical properties mainly 
based on the plasmon resonance. Plasmon resonance causes wave length dependent 
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absorption of the light due to excitation of the plasmons [44; 45]. The absorption of silver 
nanoparticles corresponds to a rather narrow band in the visible region detectable by the 
yellow colour of the particles. 
 
 
Fig. 11 UV-VIS-spectrum of the aqueous solution with Ag nanoparticles 
 
Influence of salt concentration and process parameters on fibre morphology 
The concentration of silver salt (Fig. 12) added to the spinning solution and the process 
parameters (Fig. 13) also strongly interacted with the resulting diameter of the silver bearing 
PVA nanofibres. 
As shown in Fig. 12 the addition of silver nitrate in a concentration range of 0.1–0.75 wt.-% 
followed by irradiation led to a slight diameter increase. By addition of silver nitrate to the 
spinning solution the conductivity linearly increased with the concentration of added salt 
(Fig. 12) and therefore resulted in an increased charge density of the jet. The whipping 
instability was thus enhanced and the jet should be stretched under the stronger force, 
resulting in a fibre diameter reduction [2; 12; 13; 27]. Instead of the expected diameter 
reduction with increasing silver nitrate addition, a slight diameter increase was detected for 
the irradiated samples. However, the observed diameter increase was not significant. 
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Fig. 12 Fibre diameters (■) and conductivity (▲) in dependence on silver salt concentration 
of the spinning solution 
 
Fig. 13 shows the diameters of nano-Ag containing PVA nanofibres in dependence on 
different process parameters. The influence of the parameters as voltage, feeding rate and 
tip-to-target distance on the fibre diameter showed similar results as those obtained for pure 
PVA fibres. However, differences could be found in fibre morphology with regard to 
homogeneity. Compared to pure PVA fibres (Fig. 5) the fibre webs tended generally to 
higher deviations from the average fibre diameter. 
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Fig. 13 Fibre diameters and its variation of PVA/Ag nanofibres in dependence on the applied 
tip-to-target distance (a), feeding rate of the polymer solution (b), inner needle 
diameter (c) and voltage (d) 
 
3.4.3. Water stabilisation by increase of crystallinity 
The crystalline nature of PVA suggests the possibility of “physical” cross-linking and thus, 
of stabilisation of PVA-fibres towards aqueous solutions. It is well-established that 
annealing of PVA above its glass transition temperature leads to an increase in crystallinity 
and thereby, to a reduction in solubility and swelling in water [38]. Annealing gives the 
polymer chains enough mobility to align themselves and therewith to migrate into more 
ordered (crystalline) and energetically favourable conformations. Also strong hydrogen 
bonding between neighbouring polymer chains holds the molecules in a regular structure 
and forms ordered regions (crystallites) beside the amorphous polymer matrix [38; 39]. 
Annealing of electrospun PVA fibres and therewith increase in their crystallinity offers one 
adequate possibility of water stabilisation. Decrease in crystallinity can be caused by thermal 
degradation including dehydration and depolymerisation [38]. 
Initial trials indicated that an annealing temperature of 150°C was optimum for stabilisation 
of PVA nanofibre webs. The generation of water insolubility was strongly affected by the 
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annealing period. Adjustment of the heating time for the PVA and PVA/Ag fibres was 
performed by determination of the degree of crystallinity as function of annealing time via 
differential scanning calorimetry (DSC). Since the melting point of a material is also 
influenced by crystallinity, cross-linking and chain fission, the melting points of the 
materials were additionally determined. 
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Fig. 14 Degree of crystallinity (□) and melting point (■) of PVA (a) and PVA/Ag (b) 
nanofibres in dependence on annealing time 
 
As demonstrated in Fig. 14a, the crystallinity of pure PVA nanofibres rapidly increased to 
an extent which was reduced when the annealing process exceeded a heating period of 
10 min. A similar trend was observed for the melting temperatures. The presence of silver 
nanoparticles led to a general reduction in crystallinity (Fig. 14b). This reduction was 
obviously caused by a disturbance of crystallisation through the Ag nanoparticles. This 
interference was corroborated by a longer exposure time needed to achieve a maximum 
degree of crystallinity. Whereas for pure PVA fibres a maximum value was obtained after an 
annealing period of 10 min, silver containing PVA fibres needed an extension of the period 
to 25 min for maximum crystallisation. Hence, an annealing period of 10 min for pure PVA 
nanofibres and of 25 min for PVA nanofibres with incorporated nanosilver was required for 
performance of water resistance. 
Samples which have been heated for shorter or longer periods tended towards a decrease in 
water resistance, due to incomplete crystallisation or polymer degradation. Thereby, PVA 
fibres containing Ag nanoparticles were in general more sensitive to deviations from 
optimum annealing time. Shorter or longer heat-treated fibres showed high degree of 
agglutination and swelling in water. At pure PVA fibres those deviations just caused slightly 
swelling and occasional fibre agglutination. 
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For samples annealed at the optimum time conditions, pronounced water stability of PVA 
(Fig. 15) and PVA/Ag fibre webs (Fig. 16) was achieved as indicated by withstanding an 
immersion in water over defined time periods. Pure PVA fibres were generally more water 
stable than those with silver due to a higher degree of crystallinity. Water stabilisation of 
these fibres was achieved up to a time period of 24 h (Fig. 15a-c). PVA fibres containing 
Ag nanoparticles exhibited good water resistance after an immersion period of 1 h (Fig. 
16a); increasing of the water-treatment to 4 h (Fig. 16b) led to agglutination and swelling. 
After an immersion period of 24 h (Fig. 16c) fibres were still present, but mainly 
agglutinated. 
 
   
(a) (b) (c) 
Fig. 15 Heat treated PVA nanofibres after water exposure for 1 h (a), 4 h (b) and 24 h (c) 
 
   
(a) (b) (c) 
Fig. 16 Heat treated PVA/Ag nanofibres after water exposure for 1 h (a), 4 h (b) and 24 h (c) 
 
PVA nanofibres were further examined with regard to their stability towards heated water 
(Fig. 17). Good stability of the nanofibres towards water with a temperature of 30 °C could 
be detected (Fig. 17b) showing no significant differences to correspondingly treated 
nanofibres exposed to water at RT (Fig. 17a). At a temperature of 40 °C recognisable higher 
swelling of the fibres and partially agglutination was observed (Fig. 17c) whereas the fibres 
had dissolved completely in water with a temperature of 50 °C after immersion for 1 h. 
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(a) (b) (c) 
Fig. 17 Heat treated PVA nanofibres after exposure for 1 h to water with different 
temperatures: RT (a), 30 °C (b) and 40 °C (c) 
 
3.4.4. Antimicrobial activity of PVA fibres with nano-Ag and release behaviour 
Antimicrobial tests demonstrated that PVA fibres with incorporated Ag nanoparticles 
inhibited microbial growth of E.coli and B.subtilis. The contact test in Tab. 1 shows that 
PVA fibres with nano-Ag inhibited the growth of E.coli nearly completely when compared 
to the reference consisting of pure PVA fibres. This could be taken as indication for the 
release of silver ions from the nanosilver particles within the fibres which are well-
established for their propensity to inhibit microbial growth. 
 
Tab. 1 Contact test (E.coli) of PVA and PVA/Ag nanofibres 
PVA nanofibres 
(reference) 
PVA nanofibres with 
3.7 % nano-Ag 
  
 
Additionally, investigations were pursued in optical densities as index for the bacterial 
growth in order to detect the minimum efficient silver content. PVA nanofibres with 
different percentages of silver were prepared and optical density was determined. Therefore, 
silver nitrate concentration within the 8 wt.-% PVA solution was varied from 0.019 to 
0.235 wt.-% resulting in fibre webs with a silver content ranging from 0.15 to 1.83 %. In 
Fig. 18 the optical densities determined for the corresponding PVA/Ag nanofibres are 
presented in comparison to the results of the pure PVA nanofibres. The nanofibres up to an 
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amount of 0.38 % nano-Ag exerted nearly no antimicrobial effect on the growth of E.coli 
and B.subtilis, whereas amounts of nano-Ag ≥ 0.75 % affected nearly complete inhibition. 
Hence, it was concluded that an amount of 0.75 % nano-Ag within the PVA nanofibres was 
sufficient for achieving antimicrobial activity. 
 
 
Fig. 18 Examination of optical densities as measure for bacterial growth of PVA fibres with 
different percentages of nano-Ag 
 
Release behaviour of silver ions from nano-Ag containing nanofibres in comparison to that 
of fibres with silver salts was determined by shaking the nanofibre webs over defined time 
periods in water at 40°C. After shaking, fibre webs were discarded and the silver content of 
the water was examined via AAS analyses. The diagram in Fig. 19 demonstrates a constant 
release of silver ions from the nano-Ag over a time period from 0 to 168 h whereas the 
nanofibres with silver salt showed already in the beginning a burst release. The constant 
release of silver ions from the nano-Ag is advantageously for application in filters, in which 
a constant release of the silver ions into the surrounding is necessary to receive a long-term 
and controlled antimicrobial effect of the nanofibre medium. 
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Fig. 19 Release of silver ions from PVA fibres with nano-Ag (▲) and with AgNO3 (■) 
 
3.4.5. Electrospinning on support fleeces and application of test dust 
Due to limited mechanical properties of the electrospun nanofibre webs the nanofibres have 
to be applied on a substrate for usage in filter media [6; 8]. As substrate various materials 
can be used, but especially conventional filter materials e.g. microfibre webs offer good 
ability as support and efficiency can be advanced by application of the nanofibres either on 
the surface or as bulk [5]. The nanofibres can be attached by different techniques e.g. gluing, 
pleating, thermal fixation or welding to the support. But already by electrostatic forces of the 
nanofibres, adhering onto the support can be achieved. 
The SEM images in Fig. 20 show PVA nanofibres with nano-Ag electrospun on a support 
(polyester fleece). In order to electrospin the nanofibres directly onto the support, a rotating 
drum was used as target and two syringes were applied as spinnerets to gain higher material 
output. The support fleece was fixed around the drum and electrospinning was performed 
over a time period of 10 min with the aim to receive a light covering of the nanofibres. By 
change of the spinning time, different intensive coverings could be received. Thereby, the 
nanofibres were uniformly deposited onto the support material with exception of the edge 
regions so that constant quality of the provided material could only be obtained from the 
center regions. 
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Fig. 20 PVA nanofibres with nano-Ag directly electrospun onto support fleece 
 
Furthermore, standardised test dust (Aeshrae) was applied to the silver containing nanofibre 
webs. The test dust was mainly composed of soot particles with an average size of 150 nm 
accompanied by small stones and fibres (Fig. 21). 
 
  
Fig. 21 Standardised test dust 
 
The nanofibres were loaded with an amount of 15-25 g/m
2
 test dust and absorption of the 
dust was performed by means of an applied vacuum. The cross section of the nanofibre web 
demonstrated that the dust was completely deposited on the exterior surface and no invasion 
into the fibre web interior had occurred, thus pronouncing a high efficiency of the nanofibre 
web as filter medium (Fig. 22a, b). The surface view of the dust-loaded nanofibre web is 
presented in Fig. 22c and d, showing that the soot particles were mainly adhered onto the 
surface of the nanofibres and therewith outlining the strong electrostatic forces exerted by 
the nanofibres. 
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(a) (b) 
  
(c) (d) 
Fig. 22 PVA/Ag nanofibres with test loading: surface view (a, b) and cross section (c, d) 
 
Antimicrobial testing of the dust loaded PVA/Ag nanofibres demonstrated a non-affected 
antimicrobial activity (Fig. 23). The nanofibres with test dust loading exerted identical 
antimicrobial effect (Fig. 23d) as the non-loaded nanofibres (Fig. 23c) on E.coli. But 
comparison of the references showed that also the dust-loaded PVA nanofibres without 
silver exhibited a lesser bacterial colonisation (ca. 50 colonies, Fig. 23c) than the pure PVA 
nanofibres (> 200 colonies, Fig. 23a) indicating an unexpected weak inhibitory effect of the 
test dust itself. But further separate microbiological tests of the dust proved that the test dust 
itself possessed no antimicrobial activity so that the occurred inhibitory effect was not 
caused by the test dust itself but obviously by changed surface properties of the dust loaded 
nanofibre webs. The changed surface properties were caused by the application method of 
the dust onto the surface resulting in a higher smoothness and therewith in worse growth 
conditions for the microbes. 
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Fig. 23 Contact test with E.coli of PVA (a) and PVA/Ag (b) fibres; PVA (c) and PVA/Ag (d) 
fibres with test dust loading 
 
3.5. Conclusions 
Nanofibres for application in filter materials generally should be provided with appropriate 
fibre properties ranging from fibre homogeneity and fineness to special demands as 
antimicrobial activity and water stabilisation in order to achieve a constant and highly 
efficient filter medium. In the present work, the fibre morphology with special regard to 
fibre homogeneity and fineness was examined in dependence on different spinning and 
solution parameters, whereby controlling of the fibre morphology could be achieved as well 
as production of reproducible nanofibres with desired fibre properties. 
Whereas most of the electrospinning investigations described in literature were based on 
polymers dissolved in organic solvents, the present work demonstrated the possibility of 
using environmentally friendly aqueous polymer solutions. 
Antimicrobial PVA nanofibres with integrated uniformly distributed spherical silver 
nanoparticles in sizes between 3 and 8 nm were obtained by UV irradiation of electrospun 
PVA nanofibre webs containing silver nitrate. Antimicrobial efficiency of the nanofibres 
was obtained at an amount of nano-Ag ≥ 0.75 % within the fibre matrix. A constant release 
of silver ions from the nano-Ag within the PVA fibre matrix was shown, whereas the 
nanofibres containing silver salt showed already in the beginning a burst release. 
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Water stability of nanofibres was achieved by heat treatment and therewith increasing the 
fibres crystallinity. As optimum heating conditions to obtain maximum crystallinity of PVA 
nanofibre, a heating time of 10 min at 150°C was found by DSC analyses. The presented 
generation of water stable PVA fibres by annealing and therewith increasing of crystallinity 
was affected by the presence of nanosilver particles which could be partially compensated 
by an extension of the annealing time to 25 min. 
PVA nanofibres defied also a water treatment at 30 °C for 1 h showing the same 
morphology after the treatment as the fibres exposed to water at RT. Further enlargement of 
the temperature to 40 °C led to high degree of swelling. At 50°C the nanofibres were 
completely dissolved after 1 h water treatment. 
Nanofibre webs were also directly electrospun onto support fleeces for filtration whereat a 
light covering of the nanofibres onto the substrate was obtained. Loading of the nanofibres 
with a standardised test dust led to even deposition of the dust on the exterior fibre layer. 
Thereby the dust was held on the exterior of the fibre web and didn’t invade into the fibre 
webs interior pronouncing the high efficiency of the nanofibre web as filter medium. The 
soot particles with an average size of 150 nm mainly adhered onto the surface of the 
nanofibres which outlined the strong electrostatic forces exerted by the nanofibres on the 
filtrate. Antimicrobial testing of the dust loaded PVA/Ag nanofibres demonstrated non-
affected antimicrobial activity. 
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Chapter 4 
Antimicrobial functionalisation of PVA nanofibres by 
application of an antimicrobial quaternary ammonium silane 
compound 
 
4.1. Abstract 
Poly(vinyl alcohol) (PVA) nanofibres were provided with the quaternary ammonium silane 
3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (TMS-QAC18) in order to 
achieve i) antimicrobial activity and ii) water stability of the nanofibres. Thereby 
homogeneous PVA/TMS-QAC18 composite nanofibres were generated. Furthermore coating 
of pure PVA nanofibres with the organosilane was performed. The organosilane was 
permanently bond to the PVA by heat treatment whereby, the surface properties changed. 
Increased hydrophobicity and reduced wettability of composite polymer films were 
determined by contact angle measurements and subsequent calculation of the surface free 
energies. Inhibition of the bacterial growth of B.subtilis was proven via contact tests and 
measurements of the optical density, though the fibre webs exhibited no significant 
antimicrobial effect on E.coli. Water stabilities of the nanofibre webs were investigated by 
exposure of the nanofibres over defined time periods to water. 
 
4.2. Introduction 
The organofunctional silane TMS-QAC18 (Scheme 1) represents a well-studied quaternary 
ammonium silane provided with a broad spectrum of antimicrobial activities against gram-
positive and gram-negative bacteria, fungi, algae and yeast or other one-celled 
microorganisms [1-9]. It was discovered in the early seventies by Dow Corning Corporation 
and exhibits since 1976 an American registration at the Environmental Protection Agency 
(EPA) and also an European registration following the European Biocide Directive. Since 
then it has found usage in a wide variety of applications, e.g. in textiles, carpets, buildings, 
cleaning materials, foams, medical devices and filters [6; 7; 10-13]. 
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In literature, TMS-QAC18 was applied to different materials in order to achieve permanent 
antimicrobial activity of these surfaces. Therefore, the silane was bond onto the surface of 
tracheoesophageal shunt prostheses consisting of silicone rubber. Long-term durability as 
well as significant reduction of viable bacteria and yeasts in mixed biofilms was 
demonstrated [6]. Furthermore, in vitro and in vivo antimicrobial activity of coupled 
TMS-QAC18 also on silicon rubber was proven [1] and the polymerisation behaviour of 
TMS-QAC18 on PET substrates was investigated [14]. Beside that, numerous patents 
including a broad spectrum of different application fields of TMS-QAC18 are published. 
 
 
Scheme 1 Chemical structure of 3-(trimethoxysilyl)-propyldimethyl octadecyl ammonium 
chloride (TMS-QAC18) 
 
The TMS-QAC18 combines two technologies: i) coupling of the trimethoxysilyl group to the 
substrate and ii) antimicrobial activity of the quaternary ammonium in combination with the 
long hydrocarbon chain. By hydrolysis of the trimethoxysilyl groups followed by a heat-
induced polycondensation of the hydroxyl groups and formation of Si-O-linkages, a 
permanent chemical bonding to the surface can be achieved [7-9; 14-17]. Hence, no leaching 
and fading of the antimicrobial agent from the surface occur so that the surface is provided 
with a long term protection against bacterial colonisation. The antimicrobial activity is based 
on an ionic and physical disruption of the microbes cell membrane (Fig. 1) leading to a 
destruction of the cell. 
A surface functionalised with quaternary ammonium groups possesses a positive surface 
charge which exerts an adhesive force on the negatively charged bacteria (electrostatic 
interaction). The bacteria membrane usually inheres a high amount of anionic lipids within 
the cell membrane causing the negative charge. In opposition to that, the outer layer of the 
mammal erythrocytes is neutral due to consisting mainly of zwitterions so that the affinity of 
antimicrobial is much higher to the bacterial membrane [1; 7; 18; 19]. Thereby, the 
antimicrobial effect of the quaternary ammonium group increases with the length of the 
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carbon chain. Lengths between 16 and 18 carbon atoms effect optimum antimicrobial 
activity [20; 21]. On contact with the adhered microbes the hydrophobic alkyl chain 
additionally exerts hydrophobic interaction on the cell membrane leading to disruption of 
the membrane metabolism and thus, to destruction of the membrane and microbe. Since 
TMS-QAC18 is bonded permanently to the substrate, it acts only on the membrane of the cell 
and no microbe mutations or resistances are induced [1; 6; 18; 19]. 
 
 
Fig. 1 Antimicrobial mechanism of TMS-QAC18 [7] 
 
In this work, TMS-QAC18 was applied as an agent for antimicrobial finishing of PVA 
nanofibres. Nanofibres possess a high surface area enabling a good functionalisation of the 
surface and a high effectivity. PVA nanofibres are accessible by the electrospinning process 
which demonstrates a simple and versatile method for generation of nanofibre webs [22-24]. 
Due to water solubility of PVA, it can be electrospun from aqueous spinning solutions 
which is advantageously for ease in handling and facile, safe usage. In comparison to 
polymeric nanofibres which can only be generated from organic solutions nanofibres 
generated from PVA-aqueous solutions occupy higher environmental acceptability and 
easier technical feasibility for industrial purposes. 
For finishing of the PVA nanofibres with TMS-QAC18, two methods were executed. On the 
one hand aqueous TMS-QAC18 solutions were directly mixed to the PVA spinning solutions 
so that PVA/TMS-QAC18 composite nanofibre webs were generated. On the other hand pure 
PVA nanofibres were coated with TMS-QAC18. For this purpose the nanofibres were dipped 
into methanolic solutions of TMS-QAC18 aiming also to achieve a water stabilisation of 
PVA nanofibres by a MeOH treatment which increases the crystallinty of the PVA fibres 
[25]. In order to permanently bond the organosilane compound to the PVA, all nanofibres 
were annealed subsequently. By this treatment a further enhanced stability of the PVA 
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nanofibres towards humid conditions was expected due to decrease of the hydroxyl content 
on the PVA surface [16; 17]. Investigations on the changed surface properties of the 
composites were persued via contact angle measurements and determination of the surface 
free energies. Water stabilities of the nanofibre webs were investigated by examination of 
the fibre morphologies before and after water treatment. Antimicrobial activity of the 
nanofibres against E.coli and B.subtilis were examined by contact tests and determination of 
the optical density as a measure for the bacterial growth. 
 
4.3. Experimental Part 
4.3.1. Materials 
Poly(vinyl alcohol) (PVA; MW 146.000-186.000 g/mol, degree of hydrolysation: 98-99 %, 
Sigma-Aldrich), Triton
®
 X-100 (≥ 98 %, Merck), 3-(trimethoxysilyl)-propyldimethyl-
octadecyl ammonium chloride (TMS-QAC18, AEM 5772/5: 3.6 % in water, AEM 5700: 
42 % in methanol, Devan chemicals), methanol (MeOH, ≥ 99.8 %, Fluka), hydrochloric acid 
(37 %, Sigma-Aldrich), methylene iodide (99 %, Sigma-Aldrich), ethylene glycol (≥ 99.5 %, 
Fluka), seral water (0.02 µS). All substances /solvents were used as received without further 
purification. 
4.3.2. Preparation of PVA spinning solutions with TMS-QAC18 
In order to generate PVA/TMS-QAC18 composite nanofibres firstly an aqueous solution of 
PVA was prepared. For this, PVA powder (11.75 wt.-%) was mixed with water and stirred 
at 80°C in a water bath until complete dissolution of the polymer. After cooling to RT the 
pH value of the polymer solution was checked and if necessary adjusted to a value between 
5 and 6 with diluted HClaq. Thereafter, an aqueous TMS-QAC18 solution (AEM 5772/5: 
3.6 % in water) was added and the solution was stirred for further 30 min at RT. Thereby, 
the added amount of the TMS-QAC18 was varied. To prepare e.g. PVA nanofibres with 
15 % TMS-QAC18, an amount of 0.415 g TMS-QAC18 (0.972 x 10
-4
 mol, accordingly 
11.52 g of 3.6 % TMS-QAC18 solution) was added to 20 g of the 11.75 wt.-% PVA solution 
resulting in a spinning solution with a concentration of 7.46 wt.-% PVA and 1.32 wt.-% 
TMS-QAC18. 
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4.3.3. Preparation of spinning solution for generation of PVA nanofibres 
For dip coating of nanofibres with TMS-QAC18, pure PVA nanofibres were prepared. 
Therefore PVA powder (8 wt.-%) was mixed with water and stirred at 80°C in a water bath 
until the polymer was completely dissolved. After cooling of the polymer solution to RT a 
non-ionic surfactant (Triton
®
 X-100, 0.25 wt.-%) was added and the solution was stirred for 
further 30 min at RT. The pH value of the polymer solution was checked and if necessary 
adjusted to a value between 5 and 6 with diluted HClaq. 
4.3.4. Electrospinning 
Electrospinning was performed at environmental conditions using three basic components: a 
spinneret (syringe with adapted metallic canula inserted in a syringe pump (Alaadin)), a high 
voltage supply (KNH34/P2A, Eltex) connected to the canula and a grounded target placed in 
a defined distance to the spinneret. A grounded aluminium plate with a fixed aluminium foil 
was used as collector, except for those nanofibres which were subsequently treated with a 
dip coating. These samples were collected on a grounded metal frame in order to obtain 
free-standing fibre mats on frames which could be dipped easily and coated on both sides of 
the fibre web. For experiments performed for this work the following electrospinning 
parameters were applied: a high voltage of 17 kV, a tip-to-target distance of 15 cm and a 
feeding rate of the polymer solution of 0.5 mL/h. 
4.3.5. Dip coating of PVA nanofibres with TMS-QAC18 
To coat PVA nanofibre webs, the nanofibres were dipped into methanolic solutions of 
TMS-QAC18 (AEM 5700: 42 % in MeOH). For this purpose different concentrations (0.7 %, 
2.0 % and 10.0 %) of TMS-QAC18 in MeOH were applied. The PVA fibre webs electrospun 
on metallic frames were dipped over a fixed time period of 5 min into the methanolic 
TMS-QAC18 solutions and after that dried at room conditions for ≥ 24h. 
4.3.6. Heat treatment of nanofibres 
The PVA/TMS-QAC18 composite and coated PVA fibre webs were heat treated at 150°C for 
10 min to bond the TMS-QAC18 permanently to the substrate. 
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4.3.7. Antimicrobial testing 
Antimicrobial activity of the PVA nanofibres with TMS-QAC18 was tested via a contact test 
as well as by measurement of the optical density. 
For contact tests, the samples were sterilised (at 110°C for 30 min) and inoculated with a 
microbial strain of E.coli and B.subtilis respectively. After exposure of the samples over 
2.5 h at 25 °C and at 90 % relative humidity in a climate chamber, samples were contacted 
for 15 min under standardised conditions (attaching a 12 g weight) with the inoculated site 
onto nutrient agar plates and removed again. Thereafter, the nutrient agar plates were 
incubated overnight at 37 °C and analysed visually if bacterial growth had occurred. 
For examination of optical density, the samples were sterilised (at 110°C for 30 min) and 
inoculated with 1.0 mL microbial strains E.coli and B.subtilis (1:1000). After that the 
solutions were incubated (37°C, 270 rpm, shaker (Heidolph Unimax 1010 with incubator 
100) overnight and optical density was measured at a wavelength of 612 nm. 
4.3.8. Determination of static contact angle / surface energy 
To examine the change in surface energies of PVA and the PVA/TMS-QAC18 composites, 
microscope slides were coated with the aqueous PVA/TMS-QAC18 and PVA solutions, 
respectively (see preparation of spinning solutions) and dried at room conditions for 24h. 
Measurements of all samples were performed before and after a heat treatment at 150°C for 
10 min. Static contact angles on the coated slides were determined (Krüss G2 / DSAII) using 
the solvents water, methylene iodide and ethylene glycol. The corresponding surface 
energies were then theoretically calculated according to the method of Owens-Wendt-Rabel-
Kaelble. 
4.3.9. Electron microscopy 
The fibre morphology was investigated with a scanning electron microscope (SEM, Hitachi / 
S3000N) or a field-emission-SEM (FESEM; Hitachi S4800). For determination of fibre 
diameters a common image analysis program was used. 
4.3.10. Testing of water stability 
For determination of water stability, the nanofibre webs were soaked into a water bath over 
defined time periods. After dipping, the fibres were dried (≥ 24h) at room conditions and 
fibre morphology was examined afterwards via electron microscopy. 
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4.4. Results and Discussion 
For providing of PVA nanofibres with the quaternary ammonium silane two different 
application methods were performed. One method was to directly add TMS-QAC18 the PVA 
spinning solution so that composite fibres consisting of PVA and TMS-QAC18 were 
generated. As second method, TMS-QAC18 was used to coat pure PVA nanofibres. All fibre 
webs were subsequently annealed in order to permanently bond the silane to the PVA. The 
results are described in the following with special regard to fibre morphology, antimicrobial 
activity and water stability. 
4.4.1. PVA/TMS-QAC18 composite nanofibres 
PVA/TMS-QAC18 composite nanofibres were generated by electrospinning of an aqueous 
solution containing PVA with different amounts of TMS-QAC18. The resulting nanofibres 
contained percentages between 3.5 % and 27 % TMS-QAC18. Since TMS-QAC18 is surface-
active no further surfactant had to be added to the spinning solution. Lowering of the surface 
tension is an important factor for electrospinning of aqueous polymer solutions regarding the 
high surface tension of water [25; 26]. 
Electrospinning of the PVA/TMS-QAC18 solutions led to the generation of very fine-
structured and homogenous composite nanofibres with average diameters of 325 to 405 nm. 
In Fig. 2 the SEM images of PVA nanofibres with 10 %, 15 % and 27 % TMS-QAC18 are 
presented. The subsequently performed heat treatment (150°C for 10 min) had no significant 
influence on the fibre morphology. 
 
  
(a) (b) 
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(c) 
Fig. 2 PVA nanofibres with percentages of a) 10 % (AD 325 ± 35nm) , b) 15 % (AD 405 ± 35 
nm) and c) 27 % (AD 360 ± 45 nm) TMS-QAC18 
 
Determination of hydrophobicity / wettability 
The chemical bonding process of the TMS-QAC18 starts with the hydrolysis of the 
trimethoxysilyl groups. For that it was important to adjust the pH value of the spinning 
solutions between 5 and 6. By exposure to heat the free silanol groups firstly react to 
oligomers which form hydrogen bonds with the hydroxyl groups of the PVA. Then, during 
the heating and drying presumably linkages with the PVA are formed [17; 27]. At this 
process, the hydroxyl group content of the PVA is substantially reduced. Furthermore, the 
surface is provided with hydrophobic alkyl chains so that a change of the surface properties 
with regard to hydrophobicity / wettability was expected. 
To investigate the changed surface properties of the PVA/TMS-QAC18 composites, polymer 
solutions with the same composition as the spinning solutions were uniformly disposed on 
glass slides and subsequently dried at environmental conditions for 24 h. Thereby, heat 
treated (150°C, 10 min) as well as untreated samples were examined in comparison to 
similarly treated pure PVA films (Fig. 3 and Fig. 4). The surface free energy was calculated 
according to the method of Owens-Wendt-Rabel-Kaelble from the static contact angles of 
water, methylene iodide and ethylene glycol with the assumption that the surface free energy 
is divided into a polar and a disperse part. Thereby, the disperse part describes the amount of 
London forces (intermolecular attraction between two temporary induced dipoles) on the 
surface. These forces are located at every surface in opposition to the polar part which is 
only existent if polar molecules can be found. 
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Fig. 3 Static contact angles of water on polymer coated glass slides 
 
 
Fig. 4 Calculated surface free energies of polymer coated glass slides with polar (■) and 
disperse part (■) 
 
The pure PVA films exhibited in general significant lower contact angles (untreated: 55°; 
annealed: 50°) as the untreated or annealed composite films with 15 % and 27 % 
TMS-QAC18 (≥ 70°), respectively (Fig. 3). Accordingly, the surface free energies of the 
TMS-QAC18 containing samples were lower than those of pure PVA films. The polar part 
was significantly reduced by integration of the organosilane compound (Fig. 4). That 
pointed out that the composite samples became significantly more hydrophobic and got a 
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lower wettability by the organosilane compound caused by integration of hydrophobic alkyl 
chains and simultaneous reduction of the hydroxyl group content located on the surface. 
Comparison of the annealed composite to the untreated samples demonstrated a further 
increase of the contact angle with water (≥ 81°) by heat treatment. Furthermore, the 
corresponding surface energies and the polar parts were reduced indicating further decrease 
of the hydroxyl group content on the surface. These results were consistent with the 
polycondensation of the organosilane compound induced by annealing. By condensation 
reaction the hydroxyl group content on the surface decreases leading to higher 
hydrophobicity and to reduced wettability. 
 
Antimicrobial activity of PVA/TMS-QAC18 composite fibres 
Antimicrobial activities were firstly determined via contact tests by patching the inoculated 
fibre webs (E.coli and B.subtilis) under standardised conditions onto nutrient agar plates. 
After incubation, the agar plates were visually evaluated if bacterial growth has occurred. 
PVA fibre webs with percentages between 3.5 % and 27 % TMS-QAC18 were investigated 
in comparison to pure PVA nanofibres as reference (Tab. 1). 
The nanofibres exhibited antimicrobial effect on B.subtilis which had increased constantly 
with the silane amount. Whereas the nanofibres with 3.5 % and 10 % TMS-QAC18 effected 
still a relatively low inhibition, the fibres with 15 % and 27 % inhibited the growth of 
B.subtilis significantly. In opposition to that the antimicrobial effect of the nanofibres webs 
on E.coli was less pronounced. Only low antimicrobial activity could be detected of 
nanofibres webs with 15 % and 27 % TMS-QAC18. Apparently, no increase of the 
antimicrobial activity could be achieved by enlargement of the silane amount from 15 % to 
27 %. The growth of E.coli was to an unexpected slightly extend higher at the fibres with 
27 % than that at the nanofibres with 15 % TMS-QAC18. 
During performance of the contact tests, a different intensive wetting of the fibre webs with 
the bacterial strains was caused by low wettability of the composites which could have led to 
deviant results. In order to exclude this potential error a further antimicrobial test with the 
fibre webs containing 15 % and 27 % TMS-QAC18 was performed in which the fibre webs 
were in a long-term and permanent direct contact to the microbes. 
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Tab. 1 Antimicrobial effect of PVA nanofibres with different amounts of 
TMS-QAC18 on E.coli and B.subtilis 
Percentage 
within fibre 
0 % 
TMS-QAC18 
(reference) 
3.5 % 
TMS-QAC18 
10 % 
TMS-QAC18 
15 % 
TMS-QAC18 
27 % 
TMS-QAC18 
B.subtilis 
     
E.coli 
     
 
For that, a shaking test was accomplished by inoculating the nanofibres with the bacterial 
strains and shaking them within the bacterial suspension overnight. After shaking, optical 
densities of the solutions were examined at a wavelength of 612 nm as a measure for the 
bacterial growth. The percentage of the bacterial growth was then calculated in relation to 
the optical density determined for pure PVA fibre webs whose bacterial growth was set to a 
value of 100 %. The diagram in Fig. 5 illustrates the occurred bacterial growth of B.subtilis 
and E.coli at PVA (reference) and PVA/TMS-QAC18 fibres. 
 
 
Fig. 5 Bacterial growth of PVA nanofibres with 15 % and 27 % TMS-QAC18 in comparison 
to pure PVA nanofibres 
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In comparison to the contact tests similar results were received. The nanofibres webs almost 
inhibited completely the bacterial growth of B.subtilis, but effected nearly no inhibition of 
E.coli. This fact could presumably be caused by the propensity of PVA to form polymer-
surfactant complexes [28-31]. Due to the surface activity of TMS-QAC18, it can interact 
with the PVA lowering the antimicrobial effect of the positively charged nitrogen. The 
polymer-surfactant interactions can take place in form of an oriented adsorption of the 
surfactant ions to the polymer chain apparently through a hydrophobic bonding between the 
hydrophobic end of the surfactant ion and the hydrophobic part of the polymer [28]. 
Thereby, the positive charge of the ammonium group is compensated by the polymer matrix 
leading to a reduced interaction of TMS-QAC18 with the negatively charged bacteria 
membrane. Additionally, gram-negative bacteria (→E.coli) are in opposition to gram-
positive bacteria (→B.subtilis) established with a second outer membrane which has to be 
overcome by the antimicrobial and thus, impedes the interruption into the cell membrane. 
Besides, the composition of the phospholipids of gram-negative bacteria differs from that of 
gram-positive bacteria. One main component of the phospholipids within the gram-negative 
bacteria membrane is a zwitterion while in the membrane of gram-positive bacteria 
negatively charged phospholipids dominate, so that the charge is more pronounced and the 
gram-positive bacterial are in general more sensitive to antimicrobial ammonium 
compounds [18; 19]. 
 
Water stability of the composite nanofibres 
Water stabilities of the composite nanofibre webs were examined by exposure of the 
nanofibres for defined time periods to water. After drying at room conditions for ≥ 24 h the 
fibre morphologies were investigated by electron microscopy detecting visually contingent 
changes of the fibre structure. In Fig. 6 PVA nanofibre webs containing 10 %, 15 % and 
27 % TMS-QAC18 after an immersion of 10 s (Fig. 6 a-c) and 24 h (Fig. 6 d-f) in water are 
illustrated. After an immersion period of 10 s the appearance of the nanofibres didn’t differ 
significantly from that before the water treatment so that a good water stability of the fibres 
was concluded. By enlargement of the immersion time to 24 h changes in the fibre 
morphologies were detected. While the fibres with 10 % TMS-QAC18 possessed still good 
water stability, the fibre web with 15 % TMS-QAC18 showed a slightly swelling of the 
fibres. Nanofibres with an amount of 27 % TMS-QAC18 show a further conspicuous 
increase of the swelling degree and partially agglutination. This decreased water stability of 
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the fibres with 27 % TMS-QAC18 in comparison to those with 10 % and 15 % could be 
presumably caused by a reduced crystallinity of the PVA substrate caused by disturbance of 
the organosilane. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Fig. 6 PVA nanofibre webs with 10 % (a, b), 15 % (c, d) and 27 % (e, f) TMS-QAC18 after 
10 s (a, c, e) and 24 h (b, d, f) water treatment 
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4.4.2. PVA nanofibres coated with TMS-QAC18 
For coating of PVA nanofibres the fibres were dipped into methanolic solutions of TMS-
QAC18 due to insolubility of PVA in MeOH as well as because of a potential increasing of 
crystallinity and therewith of water stability by MeOH treatment. MeOH presumably 
removes the residual water within the fibres leading to an increase in the number of 
intermolecular polymer hydrogen bonds and to increased crystallinity [25]. 
Different concentrations of TMS-QAC18 were applied (0.7, 2.0 and 10.0 wt.-% silane in 
MeOH) as dipping baths. After immersion, the fibres were dried at room conditions for 
≥ 24 h and heated at 150°C for 10 min to achieve a permanent bond of the silane compound 
to the PVA. In order to determine the final amount of the organosilane on the PVA 
nanofibre webs, the fibres were weighted out before and after the treatment. For the 
corresponding concentrations of the applied solutions, 0.7, 2.0 and 10.0 wt.-% TMS-QAC18, 
the approximate percentages of the silane were 10 %, 36 % and 70 % in relation to the 
overall fibre amount. 
The SEM-images in Fig. 7 show the fibre morphologies of the coated fibres. The images 
demonstrate that the organosilane compound was homogenously disposed on the nanofibre 
webs. But whereas at the fibres containing 10 % TMS-QAC18, the silane was mainly located 
around the fibre surface (Fig. 7a), with expansion of TMS-QAC18 content to 36 % also the 
interspaces between the fibres were filled with the organosilane (Fig. 7b). Fibres with a still 
higher amount of TMS-QAC18 (70 %) were coated with a thick layer of the silane so that the 
fibre structure was completely covered (Fig. 7c). 
 
  
(a) (b) 
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(c) 
Fig. 7 With TMS-QAC18 coated PVA nanofibres applying dipping baths with concentrations 
of a) 0.7 wt.-%, b) 2.0 wt.-% and c) 10.0 wt.-% of TMS-QAC18 in MeOH 
 
Antimicrobial activity of coated PVA nanofibres 
Similar to the PVA/TMS-QAC18 composite fibres, an antimicrobial test of the coated 
nanofibres was performed by determination of the optical density after shaking the fibre 
webs in direct contact with the bacteria suspensions of E.coli and B.subtilis respectively 
(Fig. 8). Comparable to the composite fibres, the coated nanofibre webs inhibited the 
bacterial growth of B.subtilis nearly completely, but exerted no significant antimicrobial 
effect on E.coli. 
 
 
Fig. 8 Antimicrobial activity of with TMS-QAC18 coated PVA nanofibres in comparison to 
pure PVA nanofibres 
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Water stability of coated PVA nanofibres 
Water stabilities of coated nanofibres were determined by immersion of the fibre webs with 
10 %, 36 % and 70 % TMS-QAC18 for 10 s (Fig. 9 a-c) and for 72 h (Fig. 9 d-f) in water.  
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Fig. 9 PVA nanofibres coated with 10 % (a, b), 36 % (c, d) and 70 % (e, f) TMS-QAC18 after 
a water treatment of 10 s (a, c, e) and 72 h (b, d, f) 
 
The SEM-images in Fig. 9 demonstrate the morphologies of the fibre webs after the water 
treatment. All nanofibre webs exhibited in general a good stability towards water. But in the 
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case of the fibre webs with higher amounts of TMS-QAC18 (36 % and 70 %) the 
organosilane was partially dissolved from the filled interspaces between the fibres. 
Apparently, the silane within the interspaces was in no direct contact to the substrate so that 
no permanent bonding to the PVA substrate had occurred and the antimicrobial could 
dissolve. 
The coated nanofibres exhibited similar results than the composite fibres concerning 
antimicrobial activity and water stability. Therefore, the coating of the nanofibres with the 
organofunctional silane had no advantage over the PVA/TMS-QAC18 composite fibres. In 
comparison to the composite fibres, the coated nanofibres possessed a lowered surface area 
and a more uneven structure due the partial filled interspaces between the fibres so that the 
composites illustrated the more convenient material for application as antimicrobial 
nanofibres. 
 
4.5. Conclusions 
Finishing of PVA was received by electrospinning of aqueous PVA solutions with addition 
of TMS-QAC18 as well as by coating of electrospun PVA nanofibre with the organosilane. 
By the quaternary ammonium silane functionalisation i) antimicrobial activity and ii) water 
stability of the nanofibres should be achieved. 
Fibre morphologies of the nanofibres were investigated via FESEM and SEM respectively. 
PVA/TMS-QAC18 composite nanofibres with percentages of 10 %, 15 % and 27 % 
occupying homogenous fibre morphologies were generated. Coating of PVA nanofibres led 
to a uniformly deposition of the silane on fibres, but also partially the interspaces between 
the fibres were filled with the organosilane leading to a reduced surface area and a more 
irregular structure. 
By annealing, the organosilane could be permanently bond to the PVA effecting also 
enhanced stability of the PVA towards humidity due to reduced hydroxyl group content on 
the surface. Increased hydrophobicity as well as a reduced wettability of PVA/TMS-QAC18 
composite films was proven via contact angle measurements and calculation of the surface 
free energies according to Owens-Wendt-Rabel-Kaelble. 
Examinations of antimicrobial activity and water stabilities of the coated and the composite 
nanofibres led to similar results. The nanofibres nearly completely inhibited the bacterial 
growth of B.subtilis, but exerted nearly no effect on E.coli. This was presumably caused by 
an interaction between the surface-active TMS-QAC18 and PVA resulting in a compensation 
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of the positively charged nitrogen. Furthermore, gram-negative bacteria are established with 
an additional outer membrane which impedes the disruption of the cell membrane by the 
antimicrobial agent. 
Water stabilities of the fibre webs were determined by exposure of the fibre webs over 
defined periods to water. For the composite fibres as well as for the coated fibres generally 
good water stabilities could be detected. The PVA/TMS-QAC18 composite nanofibres with 
percentages of 10 % and 15 % TMS-QAC18 still showed after an immersion of 24 h in water 
no significant change in fibre morphology. Fibres with 27 % TMS-QAC18 exhibited after 
exposure to water over 24 h a higher degree of swelling caused presumably by a 
crystallisation disturbance of the PVA. The coated fibres possessed good water stability still 
after intensive exposure to water. But at the nanofibres coated with higher silane amounts, 
the organosilane was partially dissolved from the filled interspaces between the fibres at 
which apparently no successful bonding of the silane had occurred. 
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Chapter 5 
Chemical crosslinking methods for stabilisation of poly(vinyl 
alcohol) nanofibres against disintegration in water 
 
5.1. Abstract 
In the present work three different photo-induced chemical crosslinking strategies for PVA 
nanofibres were investigated. Crosslinking was performed i) by formation of a semi-
interpenetrating network consisting of poly(ethylene glycol)dimethacrylate (PEGDMA) 
within the PVA matrix, ii) in the presence of sodium benzoate as sensitizer and iii) by 
previous reaction of PVA with glycidyl methacrylate (GMA) resulting in a crosslinkable and 
electrospinnable product (PVA-MA). For insertion of methacryloyl groups, reaction was 
controlled via 
1
H NMR analyses and different degrees of substitution ranging from 10 to 
20 % were investigated. All strategies were optimised, investigated and examined with 
regard to their efficiency for stabilisation of the nanofibres towards water by detecting fibre 
morphologies before and after water treatment with SEM or FESEM. Additionally, photo-
induced crosslinking reaction of PEGDMA/PVA nanofibres as well as of PVA-MA was 
detected by Raman sprectroscopy. 
 
5.2. Introduction 
The electrospinning process [1-4] has attracted an increasing research interest during the last 
decades due to its versatility and simple feasibility. Nanofibres with diameters between a 
few nanometres and 1 µm, benefiting from their high surface area, are easily accessible and 
can be generated from a wide variety of pure and blended natural and synthetic organic as 
well as inorganic polymers [1; 5]. Thereby, most of the nanofibres were generated from 
organic spinning solutions; but for higher environmentally acceptability and easier technical 
feasibility in industrial scale, water-based systems or usage of polymeric melts as spinning 
media are advantageously. Water-based electrospinning necessitates the application of water 
soluble polymers but results in nanofibres which disintegrate due to their high surface area 
at contact to aqueous media directly so that water stabilisation is required. 
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Poly(vinyl alcohol) (PVA) represents a spinning material with a variety of good chemical 
and physical properties like water solubility, chemical resistance, high melting point and 
biological compatibility. Additionally, it is an inexpensive, non-toxic material offering the 
possibility of functionalisation due to its pendant hydroxyl groups. Electrospinning of PVA 
can be performed from aqueous solutions leading to generation of homogenous nanofibre 
webs [6]. Chemical crosslinking of the PVA nanofibres presents one adequate way for 
stabilisation of the fibre towards aqueous surroundings beneath physical crosslinking 
processes. 
In literature is reported that for chemical crosslinking of PVA nanofibres, thienyl acrylate 
groups were inserted by esterfication with PVA followed by crosslinking reaction [7] also in 
combination with tetraethyleneglycol dimethacrylate [8] induced by UV irradiation. 
Furthermore, crosslinked PVA nanofibres were obtained by annealing with poly(acrylic 
acid) (PAA) [9] or by addition of maleic anhydride as crosslinker [10]. 
In the present work, we investigated three different strategies for photo-induced solid-state 
crosslinking of PVA nanofibres towards their ability for water stabilisation and compared 
them to each other with regard to their efficiency. In the first attempt a photo-polymerisable 
crosslinking agent (poly(ethylene glycol)dimethacrylate (PEGDMA; Scheme 1)) was 
introduced into the PVA matrix forming a semi-interpenetrating network. 
 
 
Scheme 1 Poly(ethylene glycol)dimethacrylate (PEGDMA) 
 
The crosslinking ability of PEGDMA results from the terminal double bonds which can be 
crosslinked by application of a photoinitiator in combination with UV-light [11-14]. 
PEGDMA is water soluble and can be added easily with a photoinitiator (Irgacure
®
 2959) to 
the PVA spinning solution in different percentages; thereby the influence of PEGDMA on 
electrospinning of PVA was investigated. Photopolymerisation was performed by 
subsequent UV irradiation of the nanofibres which was detected by Raman spectroscopy. 
Water stabilities of the nanofibres were investigated by examination of fibre morphologies 
before and after water treatment. 
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In the second strategy PVA was transesterficated with GMA before electrospinning in order 
to perform crosslinking of the double bonds by UV irradiation of the gained nanofibres also 
in the presence of a photoinitiator (Scheme 2).  
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Scheme 2 Reaction of PVA with GMA [18] 
 
The methacryloyl groups can be introduced by reaction of PVA with glycidyl methacrylate 
(GMA) in DMSO catalysed by N,N,N’,N’-tetramethylethylendiamine (TEMED) [17; 18]. 
The reaction obviously takes place over transesterication and not over ring opening of the 
epoxy ring due to glycidol represents a well-leaving group [18]. In order to obtain 
nanofibres of the modified PVA (PVA-MA), reaction was transformed and adjusted to a 
PVA with high molecular weight (146.000-186.000 g/mol) presenting an important factor 
for achieving nanofibres. Degree of substitution was controlled by 
1
H NMR analyses 
whereas the degree was varied from 10 to 20 %. Electrospinning of the modified PVA was 
investigated and crosslinking of the nanofibres by addition of a photoinitiator (Irgacure
®
 
2959) and subsequent UV irradiation were examined by Raman spectroscopy. Water 
stabilities of crosslinked in comparison to non-UV irradiated PVA-MA nanofibres with 
different degree of substitution were determined. 
Third strategy was to crosslink PVA nanofibres in the presence of sodium benzoate as 
sensitizer. PVA films were crosslinked upon UV-induced modification with sodium 
benzoate leading to an insolubilisation [15; 16]. Thereby, photolysis of the sensitizer 
followed by abstraction of a tertiary hydrogen atom from the PVA-chain and recombination 
of the developed PVA-radicals was assumed (Scheme 3). Different amounts of the sensitizer 
were introduced into the PVA-matrix prior to UV irradiation by addition of sodium benzoate 
to the spinning solution and water stabilities of the nanofibres were examined. 
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Scheme 3 Assumed mechanism of PVA crosslinking in the presence of sodium 
benzoate [15; 16] 
 
5.3. Experimental Part 
5.3.1. Materials 
Poly(vinyl alcohol) (PVA, MW 146.000-186.000 g/mol, 98-99 % hydrolysed, Sigma-
Aldrich), Triton
®
 X-100 (≥ 98 %, Merck), poly(ethylene glycol)dimethacrylate (PEGDMA, 
Mn ≈ 550 g/mol, Aldrich), N,N,N’,N’-tetramethylethylendiamine (TEMED, p.A., Merck), 
glycidyl methacrylate (GMA, 97 %, Aldrich), sodium benzoate (≥ 99.0 %, Sigma-Aldrich), 
Irgacure
®
 2959 (Ciba Specialty Chemicals), dimethyl sulfoxide (DMSO, ≥ 99.5 %, Sigma), 
ethanol (EtOH, p.A., ≥ 99.8 %, Merck), distilled water. All substances / solvents were used 
as received without further purification. 
5.3.2. Synthesis of PVA-MA 
PVA-MA was synthesised with molar ratios (OH)PVA : GMA = 1 0.1-0.2) and TEMED 
was used as catalyst with 1.0 mol-% relative to PVA hydroxyl groups. 
PVA was mixed with DMSO (1.80 wt.-%) and stirred at 80°C until complete dissolution of 
the polymer. After cooling of the solution to RT, GMA (in molar ratio (OH)PVA:GMA = 
1 : 0.1-0.2) and TEMED (1.0 mol-% relative to PVA hydroxyl groups) were added under N2 
gas bubbling. Then, the solution was stirred for 6 h at 62°C in a water bath under N2 
atmosphere. The reaction mixture was precipitated in ice cold EtOH and the precipitate was 
isolated by centrifugation (Labofuge 400, Heraeus) but not completely dried with exception 
for NMR analyses. EtOH content within the product without drying was 75 %. The product 
was stored in the dark at 4°C. 
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E.g. for synthesis of PVA with 15 % methacryloyl groups, PVA (0.5 g, n(PVA) = 
3,012 x 10
-6
 mol according to n(PVA(OH)) = 1.136 x 10
-2
 mol) was dissolved in 25 mL 
DMSO (0.352 mol) at 80°C. After cooling to RT, 0.242 g GMA (1.704 x 10
-3 
mol) and 
13.20 mg TEMED (1.136 x 10
-4
 mol) were added under N2 atmosphere. After reaction for 
6 h at 62°C under N2 atmosphere, product was precipitated in 500 mL ice cold EtOH, 
isolated by centrifugation and handled as mentioned above.
1
H NMR (300 MHz, DMSO-d6): 
δ (ppm) = 5.99 (s, 1H, C=CH2), δ = 5.63 (s, 1H, C=CH2),  
δ = 5.18 (broad peak, 1H, CH(OR), backbone), δ = 4.70 (s, 1H, OH, isotactic), δ = 4.49 
(s, 1H, OH, atactic), δ = 4.26 (s, 1H, OH, syndiotactic), δ = 3.83;  3.67 (broad peaks, 1H, 
CH(OH), backbone), δ = 1.87 (s, 3H, CH3, side chain), δ = 1.65 (broad peak, 2H, 
CH2CH(OR), backbone), δ = 1.42 (broad peak, 2H, CH2CH(OH), backbone). 
5.3.3. Preparation of spinning solutions 
PVA/PEGDMA solution 
Different mass ratios of PVA and PEGDMA in water with constant total polymer 
concentration (8 wt.-%) were prepared as well as different concentrations of 
PVA/PEGDMA with same mass ratio (PVA:PEGDMA = 1:1). 
For all solutions, PVA was firstly dissolved in distilled water by stirring at 80 °C in a water 
bath. Then Triton
®
 X-100 (0.25 wt.-%) and PEGDMA were added and the solution was 
stirred again at 80°C for 5 min. After cooling to RT, Irgacure
®
 2959 (5 wt.-% in relation to 
overall polymer amount) was added and the solution was stirred for further 15 min at RT. 
For differing the mass ratios, solutions with a constant total polymer concentration of 
8 wt.-% were prepared by varying the mass ratios between PVA and PEGDMA 
(PVA:PEGDMA = 1:0.1-1). For preparation of e.g. a PVA/PEGDMA solution with a mass 
ratio of PVA:PEGDMA = 1:0.1, 0.72 g PVA (4.30 x 10
-6
 mol) and 0.08 g PEGDMA 
(1.46 x 10
-4
 mol) were applied in 9.2 mL distilled water following the procedure described 
above. 
In order to obtain different total polymer concentrations, the total amount of polymer (with 
constant mass ratio of PVA:PEGDMA = 1:1) in water was differed. For preparation of e.g. a 
solution with a polymer concentration of 15 wt.-%, 0.75 g PVA (4.50 x 10
-6
 mol) and 0.75 g 
PEGDMA (1.36 x 10
-3
 mol) were applied in 8.5 mL distilled water following the procedure 
described above. 
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PVA-MA solutions 
PVA-MA was dissolved with a concentration of 7 wt.-% in a water. For that, e.g. 2.8 g 
product, containing 0.7 g PVA-MA with DS = 15 % (3.865 x 10
-6
 mol) and 2.1 g EtOH 
(0.046 mol), were dissolved in 7.2 mL water at 40°C. After cooling to RT, 0.035 g Irgacure
®
 
2959 (1.560 x 10
-4
 mol; 5 wt.-% in relation to PVA-MA), triton
®
 X-100 (0.25 wt.-%) were 
added and the solution was stirred for further 15 min at RT. 
 
PVA solution with sodium benzoate 
An 8 wt.-% PVA solution was created by mixing PVA with a pH 7 phosphate puffer 
(KH2PO4: 0.0125 mol; 1.70 g / Na2HPO4: 0.0125 mol; 1.78 g in 1000 mL H2O). The 
solution was stirred at 80°C until the polymer was completely dissolved. After cooling to 
RT, Triton
®
 X-100 (0.25 wt.-%) and sodium benzoate (0.5, 1.0, 3.0 or 5.0 wt.-%) were 
added and the solution was stirred for further 30 min at RT. 
5.3.4. Electrospinning 
Electrospinning was performed at environmental conditions using three basic components: a 
spinneret (syringe with adapted metallic canula (inner diameter 0.8 mm) inserted in a 
syringe pump (Alaadin)), a high voltage supply (KNH34/P2A, Eltex) connected to the 
canula and a grounded target placed in a defined distance to the spinneret. As collector a 
grounded aluminium plate with a fixed aluminium foil or a metallic frame was used 
depending on the subsequent analyses of the nanofibres. For experiments performed for this 
work (otherwise noted) the following electrospinning parameters were applied: a high 
voltage of 17 kV, a tip-to-target distance of 15 cm and a feeding rate of the polymer solution 
of 0.5 mL/h. 
5.3.5. UV irradiation 
In order to induce crosslinking, nanofibre webs were irradiated with an UV lamp (Osram, 
300 W) over 4 h with a distance between lamp and substrate of 20 cm. 
5.3.6. Testing of water stability 
For determination of water stability, the nanofibre webs were soaked into water over defined 
time periods. After dipping, the fibres were dried (≥ 24 h) at environmental conditions and 
fibre morphology was examined via electron microscopy. 
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5.3.7. Electron microscopy 
The morphology of the fibres was investigated by using a scanning electron microscope 
(SEM) (Hitachi / S3000N) or field emission-SEM (FESEM, Hitachi / S4800). For 
determination of the fibre diameter a commercial image analysis program was used. 
5.3.8. Raman spectroscopy 
Raman spectra were measured on a Bruker RFS 100/S FT Raman spectrometer with 
Nd:YAG laser (λ = 1064 nm) using 500 scans. 
5.3.9. 
1
H-NMR 
1
H NMR spectra were recorded on a Varian Mercury 300 or Inova 400 spectrometer. 
Deuterated dimethyl sulfoxide (DMSO-d6) was used as a solvent and tetramethylsilane 
(TMS) served as an internal standard. 
 
5.4. Results and Discussion 
5.4.1. Stabilisation by formation of a semi-interpenetrating network 
PVA/PEGDMA nanofibres were electrospun in order to form a semi-interpenetrating 
network of PEGDMA within the PVA matrix for water stabilisation reasons. For inducing 
the photo polymerisation, Irgacure
®
 2959 (Scheme 4) was applied as photoinitiator with 
5 wt.-% in relation to total polymer amount. 
 
 
Scheme 4 Photoinitiator: 4- (2-Hydroxyethoxy) phenyl- (2-hydroxy-2-propyl) ketone 
(Irgacure
®
 2959) 
 
Firstly, the influence of PEGDMA on the electrospinning behaviour of PVA was 
investigated. Therefore, the PEGDMA concentration was varied between 10 and 50 % of 
PEGDMA in relation to PVA at a constant total polymer concentration of 8 wt.-% (Fig. 1).  
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(a) (b) 
  
(c) (d) 
 
(e) 
Fig. 1 PVA nanofibres with percentages of 10 % (a), 20 % (b), 30 % (c), 40 % (d) 
and 50 % (e) PEGDMA gained from a solution with 8 wt.-% total polymer 
concentration 
 
In the range of 10 to 20 % PEGDMA homogeneous fibre webs with average fibre diameters 
(AD) of 500 ± 170 nm and 450 ± 100 nm were generated (Fig. 1a; b). At an amount of 30 % 
the appearance of the fibre webs was still homogeneously (AD 330 ± 65 nm) but also beady 
inhomogeneities within the fibre structure were formed (Fig. 1c) indicating a negative 
influence of the dimethacrylate on the spinnability. This trend continued by increasing the 
concentration of the PEGDMA up to 50 % (Fig. 1d; e). In these concentration ranges 
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numerous beads occurred predominating over fibre formation. The negative effect of the 
PEGDMA on the electrospinning behaviour could be originated by reduced chain 
entanglement due to a simultaneously decrease of PVA concentration in the spinning 
solution; this diminishing chain entanglement was also indicated by a general decrease of 
the fibre diameters and increase of bead formation with increasing dimethacrylate amount. 
Water stability of PVA/PEGDMA nanofibres was detected by immersion of the fibres into 
water for 10 s. Thereby, the nanofibres with PEGDMA amount up to 30 % dissolved 
completely in water. At the nanofibres with ≥ 40 % PEGDMA low water stability could be 
detected. The fibrous structures between the beady inhomogeneities dissolved but the beads 
themselves defied the water treatment (Fig. 2a, b). 
 
  
(a) (b) 
Fig. 2 PVA nanofibres with percentages of 40 % (a) and 50 % (b) PEGDMA after 
water treatment for 10 s 
 
This necessitated an improvement of the fibre morphologies gained from PVA/PEGDMA 
mixtures with amounts ≥ 40 % PEGDMA. For that, the total polymer concentration within 
the spinning solution was increased in order to enlarge the content of the high molecular 
weight PVA within the spinning solution and therewith the chain entanglement. Thereby, 
increase of the total polymer concentration from 8 to 10 wt.-% with 50 % PEGDMA led to 
expected enhancement of the spinnability; the bead number was highly reduced and fibre 
formation was enhanced (Fig. 3a). But fibres gained from this solution exhibited a relatively 
high AD of 750 ± 180 nm, presumably due to viscosity increase by enlargement of PVA 
concentration. Further increase to 15 wt.-% led to complete disappearance of beady 
inhomogeneities but also to further increase in fibre diameter into micrometer scale (AD 1.3 
± 0.5 µm, Fig. 3b). 
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In Fig. 3c and d morphologies of the fibres withstanding a water immersion of 10 s are 
shown. Generally low stabilities of the fibres were observed. Though fibre structure was still 
detectable, the fibres exhibited a high degree of disintegration. A slightly but not significant 
higher stability could be observed at the fibres gained from the higher polymer concentration 
(Fig. 3d). Due to low stabilities incomplete crosslinking of the PEGDMA within the PVA 
matrix was assumed. Hence, to receive more information about the effective occurred 
crosslinking, fibres gained from spinning solution with 15 wt.-% total polymer concentration 
were further examined by Raman spectroscopy. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 3 PVA nanofibres with 50 % PEGDMA gained from spinning solution with 
10 wt.-% (a, c) and 15 wt.-% (b, d) total polymer amount before (a, b) and 
after (c, d) water immersion for 10 s 
 
For that, the nanofibres were examined before and after UV irradiation (Fig. 4). In the 
spectrum of PVA/PEGDMA nanofibres without irradiation and photoinitiator two 
characteristic bands of the dimethacrylate in the region of 1500-1800 cm
-1
 were detected as 
stretching of C=O (1717 cm
-1
) and C=C (1638 cm
-1
). In presence of the photoinitiator 
Irgacure
®
 2959 two further bands occurred: stretching of aryl at 1601 cm
-1
 and C=O 
streching at 1671 cm
-1
 of the ketone. UV irradiation of the fibres led to disappearance of 
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C=O band of initiator and to a significantly decreased intensity of the aryl band at 1601 cm
-1
 
indicating the consumption of the initiator. The C=C band at 1638 cm
-1
 disappeared 
completely proving the absence of double bonds within the fibre matrix after UV irradiation. 
This fact pointed out that formation of a semi-interpenetrating network within the PVA fibre 
matrix had taken place successfully. Nevertheless, the observed low water stability of the 
nanofibres indicated that the formed network was not sufficient enough to receive the 
needed insolubilisation of PVA matrix. 
 
 
Fig. 4 Raman spectrogram of PVA/PEGDMA nanofibres (──) with Irgacure
®
 2959 
(──) after UV irradiation (─ ─) 
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5.4.2. Transesterifaction of PVA with GMA and subsequent crosslinking of the 
electrospun PVA-MA nanofibres 
In order to obtain modified PVA nanofibres with methacryloyl groups, reaction of PVA with 
GMA [17; 18] was transformed to a high molecular weight PVA with regard to generate an 
electrospinnable product. A high molecular weight presents a deciding factor for 
spinnability of the polymer due to necessitated chain entanglement between the polymer 
chains [19]. The methacryloyl groups were inserted into the PVA chain by reaction of PVA 
with GMA in DMSO catalysed by TEMED. Different degrees of substitution (DS) (10, 15 
and 20 %) were synthesised and proven by 
1
H NMR analyses. 
In Fig. 5 the 
1
H NMR spectra of PVA, GMA and PVA-MA with a DS of 10 and 20 % are 
presented. In the spectrum of PVA-MA, no signals of the epoxy ring (3, 4 and 5) from the 
GMA occurred whereas three new signals appeared at δ = 5.20, 3.67 and 1.62 (signals 9, 7 
and 8). The signals of the vinyl hydrogen (1, 1’) and of the methyl group (2) were also 
present in the PVA-MA spectrum indicating the successful transesterification reaction. 
Furthermore, the two signals of vinyl hydrogen (1 and 1’) within the PVA-MA spectrum 
were broadened in comparison to those of the GMA spectrum due to their position in the 
polymer and therewith lowered mobility. 
DS was calculated from the ratio between the average area of the vinyl hydrogen from 
methacryloyl groups (H, H’; two signals, δ = 5.99 and 5.63) and the sum of PVA hydroxyl 
hydrogen (OH; three signals, δ = 4.70, 4.49, 4.26) and again vinyl hydrogen (H, H’): 
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For the approaches with desired DS of 10, 15 and 20°%, values of 10.23, 13.78 and 20.07 % 
were calculated for the corresponding synthesised products pointing out the successful 
insertion of methacryloyl groups. 
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Fig. 5 
1
H NMR spectra of PVA, GMA and PVA-MAs with molar ratios 
[(PVA)OH]:GMA = 1:0.1 and 1:0.2 
 
After synthesis, no drying of the products was accomplished due to an observed 
insolubilisation of PVA-MA towards water by drying, obviously caused by formation of 
strong intermolecular interactions, mainly in form of hydrogen bonds. Hence, EtOH content 
within the products was held by 75 % to guarantee water solubility. 
For preparation of the spinning solutions, PVA-MA was dissolved in water with a 
concentration of 7 wt.-% resulting in polymer solutions with a solvent consisting of 80 % 
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water and 20 % EtOH (4:1 / v:v). For electrospinning, a DS of 10 and 15 % and 0.5 wt.-% of 
the photoinitiator Irgacure
®
 2959 in relation to PVA-MA were applied. Electrospinning of 
these solutions resulted in formation of fine-structured nanofibre webs with an average fibre 
diameters of 220 ± 35 nm for DS = 10 % and 360 ± 30 nm for DS = 15 % (Fig. 6). 
 
  
(a) (b) 
Fig. 6 PVA-MA nanofibre with 10 % (AD 220 ± 35 nm) (a) and 15 % (AD 360 ± 
75 nm) (b) methacryloyl groups 
 
For the determination of water stability, the nanofibres were immersed for 1 h in water and 
fibre morphologies were analysed after drying at environmental conditions. Thereby, 
UV irradiated as well as non-irradiated PVA-MA nanofibres were examined. 
At a DS of 10 % the non-irradiated nanofibres had dissolved completely in water, whereas 
the irradiated fibres defied the water treatment (Fig. 7). 
 
  
(a) (b) 
Fig. 7 Crosslinked PVA-MA nanofibres (DS: 10 %) after water immersion for 
10 min (a) and 1 h (b) 
 
The fibres after water exposure for 10 min were still present, but the fibre diameter had 
increased from 220 ± 35 nm to 320 ± 75 nm due to swelling of the fibres (Fig. 7a). By 
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extension of immersion time to 1 h, no further significant change of the diameter (AD 295 ± 
65 nm) and no enlargement of swelling degree was observed (Fig. 7b) indicating that 
maximum degree of swelling was already obtained after a water exposure for 10 min. 
At a DS of 15 % also the non-irradiated fibres possessed low water stability and fibre 
structures could be still detected after water treatment for 10 min (Fig. 8a) and 1 h Fig. 8b), 
respectively. This indicated that the water solubility of the PVA-MA itself also decreased 
with increasing amount of methacryloyl groups within the PVA chain caused by a reduction 
of hydroxyl group content. But the nanofibres without irradiation exhibited highly increased 
fibre diameters of 900 ± 120 nm after 10 min and 860 ± 360 nm after 1 h water treatment 
pronouncing a high degree of swelling due to not accomplished crosslinking. 
 
  
(a) (b) 
Fig. 8 PVA-MA nanofibres (DS: 15 %) without UV irradiation after water 
immersion for 10 min (a) and 1 h (b) 
 
In opposition to that the irradiated PVA-MA nanofibres with a DS of 15 % exhibited good 
water stability (Fig. 9). 
 
  
(a) (b) 
Fig. 9 Crosslinked PVA-MA nanofibres (DS: 15 %) after water immersion for 
10min (a) and 1 h (b) 
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The fibres showed no observable swelling in water. In comparison to the origin nanofibres 
(AD 360 ± 75 nm), the water treated fibres possessed no enlarged diameter after immersion 
for 10 min (AD 370 ± 50 nm) or 1 h (AD 350 ± 50 nm). This demonstrated good water 
stability of the nanofibres originated from the photo-induced crosslinking of the fibre 
material. 
For further investigation in the photo-induced crosslinking reaction, the PVA-MA 
nanofibres with DS = 15 % were examined before and after UV irradiation by Raman 
spectroscopy (Fig. 10). 
 
 
Fig. 10 Raman spectrogram of PVA-MA nanofibres (──) with addition of Irgacure
®
 
2959 (──) after UV irradiation (─ ─) (DS = 15 %) 
 
In the spectrum of non-irradiated PVA-MA nanofibres without photoinitiator (Irgacure
®
 
2959) in the region of 1500-1800 cm
-1
 two bands of methacryloyl group (stretching of C=C 
at 1638 cm
-1
 and of C=O at 1709 cm
-1
) were observed. By addition of the photoinitiator two 
further bands occurred originated from aryl (1605 cm
-1
) and C=O (1669 cm
-1
) stretching of 
the ketone group within the initiator. 
After UV irradiation the two bands of the initiator disappeared completely indicating its 
consumption. Furthermore, the C=C stretching band was highly reduced to low intensity 
proving that the majority of the double bonds from the pendant methacryloyl groups had 
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underwent a crosslinking reaction. Presumably, due to sterical hindrances in solid state 
reaction, small extend of the double bonds were still present within the nanofibres. 
 
5.4.3. Crosslinking in the presence of a sensitizer 
Crosslinking of PVA nanofibres was performed by addition of a sensitizer into the PVA 
matrix prior UV irradiation. As sensitizer sodium benzoate was applied and influence of the 
sensitizer concentration (0.5 – 5.0 wt.-%) on the water stability of the fibres was detected. 
The nanofibres were subsequently irradiated with an UV lamp to induce the crosslinking 
reaction. At a concentration of 0.5 wt.-% sodium benzoate within the spinning solution no 
stabilisation of the nanofibres could be received; the fibres dissolved completely in water. 
Application of higher concentrations (1.0 – 5.0 wt.-%) resulted in low stabilisation of the 
nanofibres. In Fig. 11 fibre morphologies after water immersion for 10 s are illustrated.  
 
  
(a) (b) 
 
(c) 
Fig. 11 PVA nanofibres gained from spinning solutions with 1 wt.-% (a), 3 wt.-% (b) 
and 5 wt.-% (c) sodium benzoate after water immersion for 10 s 
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Increasing of the sodium benzoate concentration from 1.0 to 5.0 wt.-% led to no further 
significant enhancement of the stability. The number of formed crosslinks between the 
polymer chains by means of a sensitizer were obviously too low for receiving the needed 
insolubilisation of PVA. 
 
5.5. Conclusions 
Photo-induced solid state crosslinking of PVA nanofibres were performed by three 
strategies: i) formation of a semi-interpenetrating network consisting of PEGDMA, ii) 
insertion of crosslinkable methacryloyl groups into the PVA and iii) crosslinking of PVA in 
the presence of sodium benzoate as sensitizer. 
PVA/PEGDMA nanofibres were electrospun in order to form a semi-interpenetrating 
network of PEGDMA within the PVA matrix and to enable stabilisation of the nanofibres 
towards water via UV irradiation. Thereby, PEGDMA exerted negative influence on 
electrospinning behaviour of PVA increasing with its amount from 10 to 50 % related to the 
PVA. This effect was ascribed to a reduced chain entanglement caused by the low molecular 
weight dimethacrylate which could be partly compensated by increasing the total polymer 
concentration of the spinning solution. Water stable fibres were only obtained with amounts 
of PEGDMA ≥ 40 %. Though the detection of successful crosslinking by complete absence 
of double bonds after UV irradiation shown by Raman spectroscopy, only low water 
stability of the fibres was observed indicating insufficient efficiency of the semi-
interpenetrating network for necessitated stabilisation of the nanofibres against water. 
In the second approach, methacryloyl groups were successful inserted into high molecular 
weight PVA by transesterfication reaction with GMA catalysed by TEMED. PVA 
nanofibres with a degree of substitution from 10 to 20 % were synthesised and successful 
reaction was approved via 
1
H NMR analyses. As spinning solvent, water/EtOH in ratio 4:1 
(v:v) was applied. Water stability of UV irradiated PVA-MA nanofibres with DS = 10 and 
15 % was examined and compared to the non-irradiated fibres. 
In general, a good stability of the irradiated PVA-MA nanofibres towards water was 
detected. The best result was obtained from nanofibres with a DS of 15 %. These fibres 
showed no observable swelling in water detectable from the fibre diameters. This was 
consistent with the results gained from examination of the PVA-MA nanofibres with Raman 
spectroscopy. The intensity of the C=C stretching band was highly reduced proving that the 
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majority of the double bonds from the pendant methacryloyl groups had reacted in a 
crosslinking reaction. 
In the third approach, crosslinking was performed in the presence of sodium benzoate as 
sensitizer. The detected water stabilisation of the nanofibres was low which pronounces a 
low degree of effective occurred crosslinks by this method. Increasing of the sodium 
benzoate concentration from 1.0 to 5.0 wt.-% led to no significant enhancement of the 
stability. 
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Chapter 6 
Antimicrobial poly(vinyl alcohol) / silica hybrid nanofibres 
with incorporated silver nanoparticles 
 
6.1. Abstract 
PVA/silica hybrid nanofibres were prepared by electrospinning. The hybrid fibres possessed 
excellent intrinsic water stability. In the present work i) the spinning conditions were 
optimised regarding the fibre diameter and homogeneity and ii) Ag-nanoparticles were 
incorporated into the fibre matrix in order to achieve antimicrobial activity. For that silver 
nitrate was used as add-on to the spinning solution and subsequently reduced by UV-
irradiation to form elemental, spherical nanoparticles within the electrospun fibres. 
Antimicrobial activity of these fibres against E.coli and B.subtilis was proven via adapted 
contact tests. Fibres were tested for thermal stability. Exposed to high temperature the nano-
Ag exhibited changed particle morphology and reduced antimicrobial activity. 
 
6.2. Introduction 
Hygienic functionalised nanofibres are materials of special interest for applications in 
(air)filters and wound pads as they combine permeability with selective barrier properties. 
Nanofibres are accessible by the electrospinning process [1-5] which has attracted an 
increasing research interest during the last two decades due to its versatility and simple 
feasibility. By now, a broad spectrum of materials ranging from a variety of natural or 
synthetic polymers to composites, semiconductors and ceramics were already successfully 
electrospun into nanoscaled fibres [2; 4], whereas the process itself also has been subject of 
investigation activities for up-scaling purposes [6-8]. 
For providing nanofibres with antimicrobial properties either antimicrobials can be 
employed directly as spinning dope (e.g. chitosan [9; 10], polyurethane cationomer [11]) or 
the antimicrobial agent can be used as add-on to the spinning solution (e.g. disinfectants [12; 
13], metallic nanoparticles [14]). Thereby one appropriate and simple way of antimicrobial 
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functionalisation is presented by the incorporation of Ag-nanoparticles into the fibre matrix 
[15-26]. 
Silver and silver ions are already established as an aseptic particularly in medicine, e.g. in 
catheters, unguents / tinctures, wound-dressings, catheters, protheses, or medical devices 
[27; 28]. (Nano-)silver and silver ions are non-toxic for humans [29] in opposition to other 
antimicrobial agents that release toxic compounds to greater or lesser extents. Silver has a 
strong antibacterial and inhibitory effect and has a broad spectrum of fungicidal activities 
[30-35]. Especially silver nanoparticles are antimicrobial effective already in very low 
concentrations because of their large surface area. They act as a reservoir which 
continuously releases silver ions over a long period of time due to corrosion of the outer 
silver layer. Thus, there is no uncontrollable burst-release of silver ions. In opposition to 
that, antimicrobial strategies based on the use of silver salts can show an uncontrolled short-
term effect depending on the solubility of silver salts in the environment [35]. 
In order to generate nano-Ag-bearing nanofibres, silver can be added to the spinning 
solution either in form of nanoparticles [18; 19] or as silver-ions which can be reduced to 
nano-Ag by a corresponding post-treatment [15-17; 20-26]. Reduction of ionic silver can be 
achieved i) by subsequent UV-irradiation of the fibre webs [16; 17; 21; 22], ii) by the use of 
reducing agents as hydrazinium hydroxide [20] and hydrogen [26] as well as iii) by heat-
treatment of the nanofibres [23-25].  
In the present study, we incorporated nano-Ag into nanofibres which consist of an 
interactive, inorganic-organic hybrid material: PVA and silica. Hybrid PVA/silica 
nanofibres can be produced via electrospinning [36-37] by combination of an aqueous PVA 
solution with a silica sol produced by sol-gel-process (Scheme 1). 
 
Hydrolysis 
Si OR + H2O Si OH + ROH
 
Condensation reactions 
Si OR + SiOH Si O Si + ROH
 
Si OH + SiOH Si O Si + H2O
 
Scheme 1 Sol-gel process 
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In comparison to nanofibres from the corresponding pure materials the inorganic-organic 
composite benefits by combining the material properties of the both materials such as 
flexibility, low density and toughness of PVA and thermal / water stability of the silica 
component [38-44]. Combination of poly(vinyl alcohol) with an inorganic sol consisting of 
silica results in an interlinked hybrid system due to strong interactions between the hydroxyl 
groups of the PVA and the residual silanol groups of the inorganic phase in form of 
hydrogen bonds [39]. The network between PVA and silica suppresses the swelling of PVA 
in water and enhances its thermal stability [39]. As a consequence of the strong interaction 
between the inorganic and the organic phase, the spinning behaviour and the morphology of 
the hybrid fibres differ significantly from that of pure PVA and silica, respectively. The 
PVA/silica hybrid generally tends towards the formation of beads within the fibres [36; 37]. 
In this work, we firstly optimised fibre morphology and electrospinning of the PVA/silica 
hybrid material with regard to reduce bead formation within the fibre structure and to obtain 
homogeneous fibre webs by adjusting the PVA content and the reaction time between the 
organic and the inorganic component. In order to provide the hybrid nanofibres with 
antimicrobial activity, silver ions were used as add-on to the spinning solution. The silver 
nanoparticles were generated within the fibre matrix by UV irradiation of the hybrid fibres. 
The resulting hybrid fibres have excellent antimicrobial activity and water stability. In 
addition it was examined whether intensive heat conditions influence morphology and 
antimicrobial activity of the Ag-nanoparticles within the nanofibre matrix. 
 
6.3. Experimental Part 
6.3.1. Materials 
Poly(vinyl alcohol) (PVA, MW 146.000-186.000 g/mol, degree of hydrolysation: 98-99 %, 
Sigma-Aldrich), Triton X-100
®
 (≥ 98 %, Merck), tetraethyl orthosilicate (TEOS, ≥ 99 %, 
Merck), phosphoric acid (85 wt.-% in water, Aldrich), distilled water. All substances / 
solvents were used as received without further purification. 
6.3.2. Preparation of spinning solutions 
For preparing the spinning solutions a sol-gel with the molecular composition 
TEOS : H3PO4 : H2O = 1 : 0.01 : 11 was prepared by acid-catalysed hydrolysis and 
polycondensation (sol-gel process, Scheme 1). Therefore, TEOS (10 mL; 9.4 g; 0.045 mol) 
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was mixed with water (8.90 mL; 0.495 mol) and after dropwise addition of phosphoric acid 
(0.0441 g, 4.5x10
-4
 mol) the mixture was stirred at RT for 2 h. After that 10 g of an aqueous 
solution containing 8 wt.-% PVA (otherwise noted) and 0.25 wt.-% Triton X-100
®
 were 
added drop by drop over a time period of 45 min to the sol-gel. For reaction of the inorganic 
with the organic phase, the mixture was reacted for further 15 min (otherwise noted) at 
70 °C in a water bath. 
In order to provide the fibres with Ag-nanoparticles, 0.5 wt.-% silver nitrate were added to 
the aqueous PVA solution (8 wt.-%) before addition to the precondensed sol-gel. Otherwise 
the same preparation procedure for the spinning solution was accomplished. 
6.3.3. Electrospinning 
Electrospinning was performed at environmental conditions using three basic components: a 
spinneret (syringe with adapted metallic canula (inner diameter 0.8 mm) inserted in a 
syringe pump (Alaadin)), a high voltage supply (KNH34/P2A, Eltex) connected to the 
canula and a grounded target placed in a defined distance to the spinneret. A grounded 
aluminium plate with a fixed aluminium foil was used as collector, except for those 
nanofibres which were subsequently heat treated. These samples were collected on a 
grounded metal frame in order to obtain free-standing fibre mats which could be exerted to 
intensive heat conditions. For examination with TEM, fibres were directly electrospun onto 
copper or gold TEM-grids. Experiments for this work were performed by usage of the 
following electrospinning parameters: a high voltage of 17 kV, a tip-to-target distance of 15 
cm and a feeding rate of the polymer solution of 0.5 mL/h. 
6.3.4. UV irradiation 
Nano-scaled spherical silver within the fibre matrix was obtained by UV irradiation (Osram, 
300 W, 4 h) of the silver ion containing nanofibre webs. 
6.3.5. Antimicrobial testing 
Antimicrobial activity of PVA/silica-fibres with Ag-nanoparticles was tested by using 
adapted contact tests. For that the samples were sterilised (at 110°C for 30 min) and 
inoculated with microbial strain of E.coli and B.subtilis respectively. After exposure of the 
samples over 2.5 h at 25°C and at 90 % relative humidity in a climate chamber, samples 
were contacted for 15 min under standardised conditions (attaching a 12 g weight) with the 
inoculated site onto nutrient agar plates and removed again. Thereafter the nutrient agar 
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plates were incubated overnight at 37°C and analysed visually if bacterial growth had 
occurred. 
6.3.6. Testing of water stability 
For determination of water stability the nanofibre webs were soaked into a water bath over 
defined time periods. After dipping the fibres were dried (≥ 24 h) at room conditions and 
fibre morphology was examined afterwards via electron microscopy. 
6.3.7. Electron microscopy 
The morphology of the fibres was investigated by using a scanning electron microscope 
(SEM) (Hitachi / S3000N). Images from fibres with integrated Ag-nanoparticles were taken 
by field emission scanning electron microscopy (FESEM; Hitachi / S4800) as well as by 
transmission electron microscopy (TEM, Zeiss / Libra120). For determination of the fibre 
diameter and the size of the nanoparticles a commercial image analysis program was used. 
 
6.4. Results and Discussion 
6.4.1. Adjustment of the PVA content and of the reaction time between PVA and silica 
The PVA/silica hybrid exhibited different electrospinning behaviour when compared to that 
of pure PVA and silica solutions, due to strong interactions between the inorganic and 
organic phase [36-37]. Hence the composite tended generally towards formation of beady 
inhomogenities within the fibre structure. By adjusting the PVA content and the reaction 
time between the inorganic and the organic phase, the beads could be reduced to a minimum 
whereat the fibres possessed a homogenous morphology and formed out dense fibre webs. A 
commercial available PVA with a high molecular weight (MW 146.000-186.000 g/mol) was 
chosen due to a high dilution of the aqueous PVA solution by combination with the silica. 
For PVA with lower molecular weights higher concentrations are necessary to form 
homogenous fibre webs [45]. 
For determination of the optimum PVA-content, the concentration of the aqueous PVA-
solution added to the sol-gel, was ranged from 7 to 10 wt.-%. Fig. 1 shows the SEM images 
of the PVA/silica hybrid nanofibres elctrospun out of these spinning solutions. The PVA 
content of the composite was theoretically calculated to a value of 21 to 27 % with the 
assumption that a complete condensation of the silica phase had taken place and the residual 
fibre material consisted of pure SiO2. At the lowest PVA content of 21 % (Fig. 1a) the 
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nanofibres exhibited numerous beads. These were reduced by enlargement of the PVA-
amount to 23 % (Fig. 1b). Further increase of the PVA concentration led to a further bead 
reduction, but also to a highly decrease of the general fibre formation per time and therefore, 
to low fibre web density (Fig. 1c-d). In addition the diameter of the composite fibres 
increased constantly with the PVA content (Fig. 3a). Thus, a percentage of 23 % PVA (i.e. 
an 8 wt.-% PVA solution) was most convenient to produce fibre webs with i) high fibre web 
density, ii) a significantly reduced number of beads within the fibre structure and iii) a low 
fibre diameter (average diameter 320 ± 80 nm). 
 
  
(a) (b) 
  
(c) (d) 
Fig. 1 PVA/silica hybrid fibres with an amount of 21 % (a), 23 % (b), 25 % (c) and 27 % (d) 
PVA 
 
For further optimisation the effect of the reaction time between the PVA and the silica phase 
on the nanofibre morphology was investigated (Fig. 2). Electrospinning of the solution 
directly after addition of the aqueous PVA solution to the sol-gel led to formation of a 
nanofibre web with numerous beads (Fig. 2a). At a reaction time of 15 min fibre formation 
was favoured due to an enlargement of the condensation degree (Fig. 2b). Expansion of the 
reaction time to 30 min and 45 min resulted in decreasing fibre web qualities (Fig. 2c-d) by 
increasing fibre diameters (Fig. 3b) caused by the advanced condensation reaction. 
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Therefore a reaction time of 15 min was favoured for the generation of homogenous 
PVA/silica-hybrid fibre webs. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 2 PVA/silica-hybrid fibres electrospun out of spinning solutions without reaction (a) 
and after 15 min (b), 30 min (c) and 45 min (d) reaction at 70°C 
 
 
Fig. 3 Average fibre diameters as function of the applied concentration of PVA solution (a) 
and the reaction time between PVA and silica at 70°C (b) 
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6.4.2. Integration of nano-Ag within the fibre matrix 
To provide the inorganic-organic hybrid fibres with antimicrobial activity, Ag nanoparticles 
were used as antimicrobial agent and integrated via a simple technique into the fibre matrix. 
For this, the same preparation procedure was accomplished as for the hybrid fibres without 
silver except that 0.5 wt.-% silver nitrate was added to the aqueous PVA solution (8 wt.-%) 
before addition to the precondensed sol-gel. After performance of the electrospinning 
process the hybrid nanofibre webs were UV-irradiated to reduce the silver ions within the 
fibre matrix to elemental nano-Ag. The Ag-nanoparticles then could be detected by FESEM 
(Fig. 4). They were homogeneously distributed within the fibre and exhibited an average 
particle size of 9 ± 3 nm. 
 
  
(a) (b) 
Fig. 4 FESEM images of PVA/silica nanofibres with Nano-Ag 
 
6.4.3. Impact of heat on particle morphology 
For determination of the influence of temperature on nano-Ag morphology within the fibre 
matrix, the resulting fibres were additionally exposed to different intensive heat conditions 
(200°C, 500°C and 800°C) over a defined time period of 2 h and subsequently examined the 
resulting morphology via TEM (Fig. 5). In comparison to the untreated fibres (Fig. 5a) 
which exhibited a uniform and homogenous distribution of nano-Ag, the particle 
morphology and quantity within the heated fibres differed significantly in dependence on the 
applied temperature (Fig. 5b-d). By a heat treatment at 200°C the particle size was 
significantly increased (Fig. 5b). Further enhancement of the temperature to 500°C (Fig. 5c) 
or 800°C (Fig. 5d), respectively led to a rapid decrease of the number of the Ag-
nanoparticles within the fibre. Only isolated aggregates could be detected indicating a 
sintering of the nano-Ag on the surface. At these high temperatures, the change of the nano-
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Ag morphology was accompanied by a decomposition of the PVA. Here the fibres showed 
beside the nano-Ag (black dots) whitened regions indicating a slightly porous structure of 
the nanofibres. 
The change of the particle morphology pointed out a thermal sensibility of the nano-Ag. 
This was consistent with the studies on nano-Ag dressings recently published [32;33]. The 
morphology change of nano-Ag exposed to heat (23-110°C over 24 h) was ascribed hereby 
to a decomposition of the Ag2O located at the outer silver layer and therewith, to a removal 
of the barriers to grain growth. The impact of heat on the nano-Ag efficiency presents an 
important finding due to the fact that in the past nanofibres with nano-Ag (e.g. based on 
TiO2 [23] or SiO2 [25]) were also partially generated by intensive heat treatment. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 5 PVA/silica- hybrid fibres with Nano-Ag (a) heat treated at 200°C (b) 500°C (c) and 
800°C (d) for 2 h 
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6.4.4. Antimicrobial activity of PVA/silica nanofibres with nano-Ag and impact of heat 
Antimicrobial activity of the nano-Ag bearing hybrid fibres was proven by contact tests. 
Thereby, hybrid fibres without silver were used as reference. The tests showed excellent 
antimicrobial activity of the Ag-bearing nanofibres. The nanofibres with incorporated nano-
Ag inhibited the growth of E.coli as well as of B.subtilis in opposition to the references (Fig. 
6). 
Furthermore, it was examined if heat has also an effect on the antimicrobial activity of the 
nano-Ag within the fibre matrix. For that the hybrid nanofibres were exposed to a 
temperature of 800°C over 3 h. Antimicrobial activity of the heat-treated fibres was 
determined and the obtained results were compared to those of the correspondingly treated 
hybrid nanofibres without silver. The contact tests showed a highly reduced antimicrobial 
activity after heating (Fig. 7), E.coli as well as B.subtilis showed here an enhanced bacterial 
growth. This indicated that exposure to intensive heat conditions interfered with 
antimicrobial activity of nano-Ag within the fibre and should be avoided for application of 
these nanofibres as antimicrobial materials. 
 
 
Reference 
without nano-Ag 
Sample 
with nano-Ag 
E.coli 
  
B.subtilis 
  
Fig. 6 Antimicrobial effect of nano-Ag bearing PVA/silica-nanofibres on E.coli and 
B.subtilis 
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Reference 
without nano-Ag 
Sample 
with nano-Ag 
E.coli 
  
B.subtilis 
  
Fig. 7 Antimicrobial effect of heat treated (800°C, 3h) nano-Ag bearing PVA/silica-
nanofibres on E.coli and B.subtilis 
 
6.4.5. Water stability 
Fig. 8b and c demonstrate the water stability of nano-Ag containing hybrid fibres after 
exposing to water over 10 s and 1 h, respectively. In comparison to the untreated nanofibres 
(Fig. 8a), the water-soaked fibres showed no significant changes in their appearance thus 
indicating good water stability. 
PVA/silica hybrids present an interactive system with strong interactions between the PVA 
and silica component. Due to these interactions the swelling of PVA in water within the 
hybrid material could be effectively suppressed [39]. Furthermore the number of the free 
hydroxyl groups on the surface is reduced coinstantaneously implicating an increase in 
hydrophobicity. 
 
   
(a) (b) (c) 
Fig. 8 PVA/silica hybrid fibres with nano-Ag without water treatment (a) and exposed to 
water over a time period of 10 s (b) and 1 h (c) 
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6.5. Conclusions 
PVA/silica hybrid nanofibres represent a material with combined properties due to the 
combination of an inorganic phase with a polymer as well as due to strong interactions 
between both components. Hence, the spinning behaviour of the hybrid differed completely 
from that of the corresponding pure materials and tended generally to the formation of 
beady-like inhomogenities within the fibre structure. Therefore the spinning conditions of 
the hybrid was optimised by variation of i) the PVA content and ii) the reaction time 
between both components. Therewith fibres with high fibre web quality i.e. high fibre 
density, low average fibre diameter (320 nm) and reduced bead number were received.  
In order to attain antimicrobial activity nano-Ag within the fibre matrix was incorporated by 
a simple feasible procedure. For that silver nitrate was used as add-on to the spinning 
solution. After performance of the spinning process hybrid nanofibres were UV-irradiated to 
reduce the ionic silver to elemental nano-Ag inside of the nanofibres. The nano-Ag was 
detected as homogenously distributed spherical particles with a size of 9 ± 3 nm via FESEM 
and TEM respectively. Antimicrobial activity of the nano-Ag bearing fibres was proven by 
means of adapted contact tests in which the fibres inhibited the bacterial growth of E.coli 
and B.subtilis. 
Thermal sensibility of the nano-Ag within the fibre matrix was detected. The nano-Ag 
within the PVA/silica nanofibres exposed to intensive heat conditions showed on one side, a 
rapidly change of the particle morphology. By heating of the fibres at 200°C the particle size 
was significantly increased and by further raise of the temperature to 500°C and 800°C also 
decomposition of the nano-Ag occurred. This was accompanied by a highly reduced 
antimicrobial activity. 
PVA/silica hybrid materials present an interactive system with strong interactions. This 
results in network formation between both components leading to a suppressed swelling of 
the PVA in water. Water stability of the fibre webs was demonstrated by water dip tests and 
subsequent examination of the morphology via FESEM. Hence hybrid fibres with nano-Ag 
exhibited excellent intrinsic water stability and antimicrobial activity. 
-Chapter 6- 
-111- 
6.6. References 
1 Teo, W.E., Ramakrishna, S., A review on electrospinning design and nanofibre 
assemblies, Nanotechnology 17 (2006), R89 
2 Huang, Z.-M., Zhang, Y.-Z., Kotaki, M., Ramakrishna, S., A review on polymer 
nanofibres by electrospinning and their application in nanocomposites, Compos. 
Sci. Technol. 63 (2003) 2223-2253 
3 Li, D., Xia, Y., Electrospinning of nanofibers: reinventing the wheel?, Adv. Mater. 
16(14) (2004), 1151-1170 
4 Sigmund, W., Yuh, J., Park, H., Maneeratana, V., Pyrgiotakis, G., Daga, A., 
Taylor, J., Nino, J.C., Processing and structure relationships in electrospinning of 
ceramic fiber systems, J. Am. Ceram. Soc. 89(2), (2006) 395-407 
5 Sawicka, K.M., Gouma, P., Electrospun composite nanofibers for functional 
applications, J. Nanopart. Res. 8 (2006), 769-781 
6 Yarin, A.L., Zussman, E., Upward electrospinning of multiple nanofibers without 
needles/nozzles, Polymer 2004, 45(9), 2977-2980 
7 Mares, L., Petras, D., Stranska, D., Maly, M., A method and device for production 
of nanofibres through electrostatic spinning of solutions or melts of polymers, 
WO2007054039, 2007-05-18 
8 Kim H.-Y., Park, J.-C., Conjugate electrospinning devices, conjugate nonwoven 
and filament comprising nanofibers prepared by using the same, US2008102145, 
2008-05-01 
9 Thomas, H., Heine, E., Wollseifen, R., Cimpeanu, C., Möller, M., Nanofibres from 
natural and inorganic polymers via electrospinning, International Nonwovens 
Journal 14(3) (2005) 12 
10 Ohkawa, K., Cha, D., Kim, H., Nishida, A., Yamamoto, H., Electrospinning of 
chitosan, Macromol. Rapid Commun. 25(18) (2004) 1600-1605 
11 Jeong, E.H., Yang, J., Youk, J.H., Preparation of ultra-fine polyimide fibers 
containing silver nanoparticles via in situ technique, Mater. Lett. 61(19-20) (2007) 
4027-4030 
12 Kim, S.J., Nam, Y.S., Rhee, D.M., Park, H.-S., Park, W.H., Preparation and 
characterization of antimicrobial polycarbonate nanofibrous membrane, 
Eur. Polym. J. 43(8) (2007) 3146-3152 
13 Tan, K., Obendorf, S.K., Fabrication and evaluation of electrospun nanofibrous 
antimicrobial nylon 6 membranes, J. Membr. Sci. 305(1-2) (2007) 287-298 
14 Duan, Y.-Y, Jia, J., Wang, S.-H., Yan, W., Jin, L., Wang, Z.-Y., Preparation of 
antimicrobial poly( -caprolactone) electrospun nanofibers containing silver-
loaded zirconium phosphate nanoparticles, J. Appl. Polym. Sci. 106(2) (2007) 
1208-1214 
15 Li, X., Hao, X., Na, H., Preparation of nanosilver particles into sulfonated 
poly(ether ether ketone) (S-PEEK) nanostructures by electrospinning, Mater. Lett. 
61 (2007) 421-426 
- References - 
-112- 
16 Voigt, W., Thomas, H., Heine, E., Möller, M., “Electrospinning and stabilisation 
of Poly(vinyl alcohol) nanofibre webs with antimicrobial activity”, in “Textiles for 
Sustainable Development”, Anandjiwala, R., Hunter, L., Kozlowski, R., Zaikov, 
G., (Eds.), Nova Publishers, New York (2007) 373-384. 
17 Li, Z., Huang, H., Shang, T., Yang, F., Zheng, W., Wang, C., Manohar, S., Facile 
synthesis of single-crystal and controllable sized silver nanoparticles on the 
surfaces of polyacrylonitrile nanofibres, Nanotechnology 17 (2006) 917-920 
18 Jin, W., Lee, H., Jeong, E., Park, W., Youk, J., Preparation of Polymer Nanofibers 
Containing Silver Nanoparticles by Using Poly(N-vinylpyrrolidone), Macromol. 
Rapid Commun. 26 (2005) 1903-1907 
19 Jeong, S., Hwang, Y., Yi, S., Antibacterial properties of padded PP/PE nonwovens 
incorporating nano-sized silver colloids, J. Mater. Sci. 40 (2005) 5413-5418 
20 Yang, Q., Li, D., Hong, Y., Li, Z., Wang, C., Qiu, S., Wei, Y., Preparation and 
characterization of a PAN nanofibre containing Ag nanoparticles via 
electrospinning, Synth. Met. (137) 2003 973-974 
21 Son, W., Youk, J., Lee, T., Park, W., Preparation of Antimicrobial Ultrafine 
Cellulose Acetate Fibers with Silver Nanoparticles, Macromol. Rapid Commun. 25 
(2004) 1632-1637 
22 Hong, K., Park, J., Sul, I., Youk, J., Kang, T., Preparation of antimicrobial 
poly(vinyl alcohol) nanofibers containing silver nanoparticles, J. Polym. Sci. Pt. B 
- Polym. Phys. 44(17) (2006) 2468-2474 
23 Jin, M., Zhang, C., Nishimoto, S., Liu, Z., Tryk, D., Emeline, A., Murakami, T., 
Fujishima, A., Light-Stimulated Composition Conversion in TiO2-Based 
Nanofibers, J. Phys. Chem. C 111 (2007) 658-665 
24 Jin, M., Zhang, C., Nishimoto, S., Liu, Z., Tryk, D., Murakami, T., Fujishima, A., 
Large-scale fabrication of Ag nanoparticles in PVP nanofibres and net-like silver 
nanofibre films by electrospinning, Nanotechnology 18 (2007) 075605 
25 Patel, A., Li, S., Wang, C., Zhang, W., Wei, Y., Electrospinning of Porous Silica 
Nanofibers Containing Silver Nanoparticles for Catalytic Applications, Chem. 
Mat. 19 (2007) 1231-1238. 
26 Xu, X., Yang, Q., Wang, Y., Yu, H., Chen, C., Jing, C., Biodegradable electrospun 
poly(l-lactide) fibers containing antibacterial silver nanoparticles, Eur. Polym. J. 
42 (2006) 2081-2087 
27 Hillen, E., Rohlf, U., Frunder, B., CD Römpp Chemie Lexikon, Thieme, Stuttgart 
1995 
28 Plachkov, N.S., Bakterizid Ausrüstung von Kunststoffen mittel Silber- und 
Silberlegierungs-Nanopartikeln, Dissertation Saarbrücken (2006) 
29 Feng, Q., Wu, J., Chen, G., Cui, F., Kim, T., Kim, J., A mechanistic study of the 
antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus, 
J. Biomed. Mater. Res. 52(4) (2000) 662-668 
30 Sondi, I., Salopek-Sondi, B., Silver nanoparticles as antimicrobial agent: a case 
study on E. coli as a model for Gram-negative bacteria, J. Colloid Interface Sci. 
275 (2004) 177-182 
-Chapter 6- 
-113- 
31 Lee, H., Jeong, S., Bacteriostasis and Skin Innoxiousness of Nanosize Silver 
Colloids on Textile Fabrics, Text. Res. J. 75(7) (2005) 551-556 
32 Taylor, P., Ussher, A., Burrell, R., Impact of heat on nanocrystalline silver 
dressings: Part I: Chemical and biological properties, Biomaterials 26 (2005) 
7221-7229 
33 Taylor, P., Omotoso, O., Wiskel, J., Mitlin, D., Burrell, R., Impact of heat on 
nanocrystalline silver dressings: Part II: Physical properties, Biomaterials 2005, 
26, 7230-7240 
34 Rent a Scientist GmbH, Neue Technologien: Schutz vor Bakterien und Viren, 
nano-Silber, Technologie Transfer Magazin 1 (2002) (available from 
http://www.rent-a-scientist.com/ pdf/magazin1_2002.pdf). 
35 Shao, C., Kim, H., Gong, J., Lee, D., A novel method for making silica nanofibres 
by using electrospun fibres of polyvinylalcohol/silica composite as precursor, 
Nanotechnology 13 (2002) 635 
36 Shao, C., Kim, H., Gong, J., Ding, B., Lee, D., Park, S., Fiber mats of poly(vinyl 
alcohol)/silica composite via electrospinning, Mater. Lett. 57(9-10) (2003) 1579-
1584 
37 Yano, S., Iwata, K., Kurita, K., Physical properties and structure of organic-
inorganic hybrid materials produced by sol-gel process, Mater. Sci. Eng. C - 
Biomimetic Supramol. Syst. 6 (1998) 75-90 
38 Guo, R., Ma, X., Hu, C., Jiang, Z., Novel PVA–silica nanocomposite membrane for 
pervaporative dehydration of ethylene glycol aqueous solution, Polymer 48 (2007) 
2939-2945 
39 Bandyopadhyay, A., De Sarkar, M., Bhowmick, A., Structure-property 
relationship in sol-gel derived polymer/silica hybrid nanocomposites prepared at 
various pH, J. Mater. Sci. 41 (2006) 5981-5993 
40 Bandyopadhyay, A., De Sarkar, M., Bhowmick, A., Poly(vinyl alcohol)/silica 
hybrid nanocomposites by sol-gel technique: Synthesis and properties, J. Mater. 
Sci. 40 (2005) 5233-5241 
41 Simon, P., Ulrich, R., Spiess, H., Wiesner, U., Block Copolymer-Ceramic Hybrid 
Materials from Organically Modified Ceramic Precursors, Chem. Mat. 13 (2001) 
3464-3486 
42 Cerveau, G., Corriu, R., Lepeytre, C., Organic-inorganic hybrid silica. Influence of 
the nature of the organic precursor on the texture and structure of the solid, 
J. Organomet. Chem. 548 (1997) 99-103 
43 Chevalier, P., Corriu, R., Moreau, J., Wong Chi Man, M., Chemistry of Hybrid 
Organic-Inorganic. Access to Silica Materials through Chemical Selectivity, 
J. Sol-Gel Sci. Technol. 8 (1997) 603-607 
44 Koski, A.; Yim, K.; Shivkumar, S., Effect of molecular weight on fibrous PVA 
produced by electrospinning, Mater. Lett. 58(3-4) (2003) 493-497 
45 Jun, Z., Hou, H., Wendorff, J.H., Greiner, A., Poly(vinyl alcohol) nanofibres by 
electrospinning: influence of molecular weight on fibre shape, e-Polymers no. 38 
(2005) 
 
- References - 
-114- 
 
-Chapter 7- 
-115- 
Chapter 7 
PVA/silica hybrid and silica nanofibres with photocatalytical 
titanium dioxide 
 
7.1. Abstract 
PVA/silica hybrid nanofibres were provided with TiO2 nanoparticles; the hybrid nanofibres 
were gained from an aqueous silica sol/PVA mixture without usage of organic solvents. The 
TiO2 particles were deposited onto the fibres’ surface subsequently electrospinning. For this, 
an aqueous, commercial available TiO2 dispersion (VP Disp. W740X, Degussa) was sprayed 
onto the nanofibre webs. For the TiO2-equipped PVA/silica nanofibres a good photocatalytic 
activity was proven. Additionally, pure silica nanofibres were prepared from a silica sol-gel 
and also equipped with TiO2-particles at the same procedure. Attachment and deposition of 
TiO2 particles onto both fibre types were investigated by electron microscopy (FESEM, 
TEM). Thereby, for the hybrid nanofibres good durability of TiO2 was attested whereas 
nearly no attachment of the particles onto the silica nanofibres could be detected. 
 
7.2. Introduction 
Titanium dioxide has attracted great attention as semiconductor photocatalyst and presents a 
widely studied material with regard to its various properties such as deodorizing, 
antibacterial and self-cleaning functions originating mainly from its strong oxidising power 
under UV light [3]. Its special optical and electrical properties in combination with high 
stability and photosensitivity open up a large variety of application fields e.g. in 
photocatalysis, chemical sensors, photovoltaic cells, batteries or in optical filters [1-3]. 
For nanofibres especially the photocatalytic activity and therewith bactericidal capability of 
anatase TiO2 represents an interesting feature for a broad range of applications. TiO2 can be 
additionally applied in combination with other materials leading to new combined properties 
whereas e.g. SiO2-TiO2 composites possess superior optical and thermal properties [10-12]. 
The photocatalytic activity and therewith also the antibacterial efficiency of TiO2 are 
strongly affected by exposure of the photocatalyst to UV light which has to exhibit photons 
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with an energy ≥ bandgap. The absorption of the photon leads to activation of the 
semiconductor by promoting an electron e
-
 into the conduction band and generating a hole 
h
+
 in the valence band. The electron-hole pairs induce the formation of several active 
oxygen species such as hydroxyl radical (OH•), superoxide anion (O2
-
), perhydroxyl radical 
(HOO•) and hydrogen peroxide (H2O2) (Scheme 1) which can destroy organic soiling and 
the outer cell membrane of microbes [4-8; 34; 35]. 
 
Reductive reactions 
O2 + e
-
 → O2
-
 
O2
-
 + H
+
 → HOO• 
HOO• + e
-
 + H
+
 → H2O2 
Oxidative reactions 
OH
-
 + h
+
 → OH• 
OH• + OH• → H2O2 
Scheme 1 Active oxygen species generated by TiO2 photocatalysis [5] 
 
Anatase TiO2 possesses high capability in sensitizing the photodestruction of fungi, viruses, 
algae and bacteria [4; 7-9]. Also endotoxin which remains usually after destruction of the 
bacteria is decomposed by oxidation leading to a detoxification by TiO2 and illustrating an 
advantage over other antimicrobial agents just inactivating the cells’ viability [5]. 
Presumably, hydrogen peroxide acts as actual lethal agent produced from hydroxyl radical 
and superoxide anion. But due to low concentration of photocatalytically generated 
hydrogen peroxide, cooperative effect with the other oxygen species is assumed [6]. 
Nanocrystalline fibrous structures containing nanostructured, anatase TiO2-particles benefit 
from their high surface-to-volume ratio as well as from their open 3D-structure [11] in 
opposition to conventional film photocatalysts. They are accessible by the electrospinning 
process [13-16]. This process has attracted an increasing research interest during the last 
decades due to its versatility and simple feasibility. 
In order to receive ceramic or metal oxide nanofibres, the sol-gel technique is combined 
with the electrospinning process [16]. Nanofibres consisting of TiO2 were mainly generated 
by usage of a sol-gel containing tetraisopropyl orthotitanate (TiP) as precursor and 
poly(vinylpyrrolidone) (PVP) as gelator. The gelator serves as additive to increase the 
solutions’ viscosity and receive therewith spinability of the solution [1;17; 18]. The polymer 
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within the fibres was usually removed by a subsequent calcination to obtain a fibre web 
consisting of pure TiO2. Electrospinning of pure TiO2 nanofibres also in the absence of a 
polymer as gelator was realised [2]. TiO2 nanofibres were also equipped with other agents as 
gold nanoparticles [19], silver [20] and erbium(III)oxide particles [21]. A hollow TiO2 
fibrous structure was obtained by coating poly(L-lactide) nanofibres with TiP/2-propanol 
solutions and subsequent calcination [22]. Polyacrylnitrile fibres were coated by immersion 
in a solution of metal halide salts (hexafluorotitanate(IV) ammonium) and halogen 
scavengers [23]. Also, layer-by-layer structured films of TiO2 nanoparticles and poly(acrylic 
acid) on electrospun cellulose acetate nanofibres were generated [24]. TiO2 with SiO2 as 
composite were generated from poly(vinyl acetate), TiP and tetraethyl orthosilicate (TEOS) 
as precursors [10] or also in the absence of a polymer [12]. Fibrous TiO2/SiO2 
nanocomposite photocatalyst was also gained from a precursor solution containing TEOS, 
polydimethylsilioxane, PVP and TiO2 powder (P25 Degussa) [11]. 
In most cases, the TiO2-containing nanofibres were generated with a blended polymer acting 
as gelator for the precursor solution to increase the viscosity. Without gelator, the TiO2 
presents still a difficult electrospinning material due to the very fast sol-gel transition rate of 
the precursors and therewith a hardly controllable viscosity of the precursor solution [2]. But 
combination of an inorganic with an organic component acting as gelator can also bring 
along new advantageous properties [25; 26]. TiO2-containing nanofibres were mostly 
produced from spinning solutions with organic solvents. For a higher environmentally 
acceptability and easier technical feasibility in industrial scale, water-based systems or usage 
of polymeric melts as spinning media are advantageously. 
One appropriate spinning material for the generation of an inorganic-organic hybrid 
composite from a water-based solution is presented by poly(vinyl alcohol)(PVA)/silica. For 
electrospinning, an aqueous silica sol is combined with PVA [27; 28]. This system 
represents an interactive inorganic-organic hybrid. In comparison to the nanofibres from the 
corresponding pure materials, the hybrid benefits by combining the material properties of 
both materials such as flexibility, low density and toughness of PVA and thermal / water 
stability of the silica component [29-32]. 
In the present work, we investigated in providing PVA/silica hybrid nanofibres with TiO2 
nanoparticles without the usage of organic solvents. The nanofibres were gained from a 
mixture of a water-based silica sol with PVA. TiO2 was applied subsequently 
electrospinning via spraying of an aqueous TiO2 dispersion (VP Disp. W740X, Degussa). 
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The hybrid nanofibres were examined by IR measurements and regarding their 
photocatalytic activity. 
Additionally, pure silica nanofibres were produced from a silica sol-gel with ethanol as 
solvent and also sprayed with the TiO2 dispersion in order to compare the properties of the 
pure inorganic fibres to the PVA/silica hybrid fibres regarding the attachment of the TiO2 
particles to the fibres. For that, the PVA/silica hybrid and silica nanofibres, deposition and 
binding durability of applied TiO2 particles were investigated. 
 
7.3. Experimental Part 
7.3.1. Materials 
Tetraethyl orthosilicate (TEOS, ≥ 99 %, Merck), tetraisopropyl orthotitanate (TiP, ≥ 98 %, 
Acros Organics), poly(vinyl alcohol) (PVA, MW 146.000-186.000 g/mol, degree of 
hydrolysation: 98-99 %, Sigma-Aldrich), Triton X-100
®
 (≥ 98%, Merck), titanium dioxide 
(VP Disp. W740X, 40 wt.-% in water, degussa), methylene blue (Sigma), hydrochloric acid 
(37 %, Sigma-Aldrich), nitric acid (p.A. ≥ 99.5%, Sigma), hydrofluoric acid (48%, Sigma), 
2-propanol (≥ 99.8 %, KMF), ethanol (EtOH, p.A., ≥ 99.8 %, Merck), distilled water. All 
substances / solvents were used as received without further purification. 
7.3.2. Preparation of spinning solutions 
PVA/silica composite solution 
PVA (4.0 wt.-%) was dissolved in distilled water by stirring at 80°C until complete 
dissolution of the polymer. 20 g of PVA solution were transferred into a 50 mL Erlenmeyer 
flask. HCl (0.110 mL, 0.0013 mol) and Triton X-100
®
 (0.25 wt.-%) were added under 
vigorous stirring. Then, TEOS (10 mL; 0.045 mol) was added, flask was sealed and solution 
was reacted for 3 h under stirring at RT. After that, the solution was heated for 20 min at 
70°C. 
 
Silica sol-gel 
Silica sol-gel was prepared by applying the molar ratio of TEOS : H2O : EtOH : HCl = 
1 : 2 : 2 : 0.01. TEOS (10 mL; 0.045 mol) was mixed with EtOH (5.23 mL; 0.090 mol) and 
aqueous HCl (40 µL; 4.5x10
-4
 mol HCl in 1.60 mL; 0.090 mol H2O) was added dropwise. 
Then the reaction mixture was heated at 80°C for 110 min. 
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7.3.3. Electrospinning 
Electrospinning was performed at environmental conditions using three basic components: a 
spinneret (syringe with adapted metallic canula (inner diameter 0.8 mm) inserted in a 
syringe pump (Alaadin)), a high voltage supply (KNH34/P2A, Eltex) connected to the 
canula and a grounded target placed in a defined distance to the spinneret. The high voltage 
creates an electrically charged jet out of the polymer solution. A grounded aluminium plate 
with a fixed aluminium foil was used as collector. For examination with TEM, fibres were 
directly electrospun onto the TEM-grids. Experiments for this work were performed by 
usage of the following electrospinning parameters: 17 kV, 15 cm, 0.5 mL/h for PVA/SiO2 
hybrid nanofibres and 17 kV, 15 cm, 1.0 mL/h for silica nanofibres. 
7.3.4. Spraying of TiO2 dispersion onto nanofibres 
For spraying the TiO2 onto the fibre webs, the dispersion was diluted with distilled water to 
a concentration of 0.1 wt.-% TiO2. PVA/silica hybrid as well as silica fibres were 
subsequently sprayed with 0.5 mL of the TiO2 dispersion using a spray nozzle. After that, 
fibres were dried at environmental conditions for 24 h. 
7.3.5. Determination of TiO2 content via atomic absorption spectrometer (AAS) 
For determination of the TiO2 content within the sprayed nanofibres, the nanofibres were 
decomposed by a solution of nitric acid with 2% hydrofluoric acid in a microwave (Mars 5, 
CEN). After that, the content of titanium within the solution was determined by an atomic 
absorption spectrometer (Zeeman 4100ZL, Perkin-Elmer) and the TiO2 value was 
calculated. 
7.3.6. Examination of photocatalytic activity 
For investigation in the photocatalytic activity, a defined amount of the TiO2-equipped 
nanofibre webs (0.08g) were added to a methylene blue solution with an initial 
concentration of 5 g/L. The solution was irradiated under UV light over a defined time 
period and the residual methylene blue content within the solution was detected with a 
UV/VIS spectrometer (lambda 2 Perkin-Elmer) at a wavelength of 664.5 nm by means of a 
calibration curve. As first reference, the same solution was let in the dark over the same 
time. As second reference a pure methylene blue solution was used and irradiated under the 
same conditions as the solution containing the sample with UV light [33]. 
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7.3.7. Electron microscopy 
The morphology of the fibres was investigated by using a scanning electron microscope 
(SEM; Hitachi / S3000N), field emission scanning electron microscope (FESEM; Hitachi / 
S4800) and transmission electron microscope (TEM, Zeiss / Libra120). For determination of 
fibre diameter and size of the nanoparticles a commercial image analysis program was used. 
7.3.8. Raman spectroscopy 
Raman spectra were measured on a Bruker RFS 100/S FT Raman spectrometer with 
Nd:YAG laser (λ = 1064 nm) using 500 scans. 
 
7.4. Results and Discussion 
7.4.1. PVA/silica hybrid nanofibres sprayed with TiO2 dispersion 
PVA/silica nanofibres were generated from an aqueous PVA solution combined with a silica 
sol. For preparation of the silica sol, TEOS was used as precursor, water as solvent and 
small amounts of hydrochloric acid as catalyst. Combination of PVA with an inorganic 
component consisting of silica results in an interlinked hybrid system due to strong 
interactions between the hydroxyl groups of the PVA and the residual silanol groups of the 
inorganic phase in form of hydrogen bonds [37]. 
As a consequence of the strong interaction between the inorganic and the organic phase, the 
spinning behaviour and the morphology of the hybrid fibres differ significantly from that of 
pure PVA and silica, respectively [28; 38]. The PVA/silica hybrid generally tended towards 
the formation of beads within the fibre structure. But the spinning behaviour could be 
optimised by variation of reaction time between the both components. 
For reaction, the PVA/TEOS precursor solution was firstly reacted under mild conditions at 
RT over a time period of 3h. After that, the mixture was heated at 70°C in order to 
accelerate the condensation reaction. For detection of the optimum reaction time at 70°C, the 
fibres were reacted for defined time periods and corresponding fibre qualities were 
examined via electron microscopy (Fig. 1). 
Although the electrospinning of a PVA/silica sol mixture without any reaction at 70°C led 
already to fibre webs, undesirable drops were also sprayed onto the collector due to a low 
condensation degree as well as a low viscosity (Fig. 1a). At reaction times between 20 and 
65 min homogeneous fibre webs were produced without electrospraying. Within the fibre 
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structure a small number of beads occurred (Fig. 1b-e). The number of beads decreased 
slightly with the increasing reaction time and therewith enlargement of condensation degree. 
The corresponding average diameters of the nanofibres increased with the reaction time. 
With expansion of reaction time from 20 to 65 min the average fibre diameter increased 
from 290 nm to 650 nm constantly (Fig. 2). For further investigations, fibres were generated 
after a reaction time of 20 min at 70°C due to a low average diameter of 290 nm ± 100 nm 
beneath a good fibre quality with a low number of beads (Fig. 1b). 
 
  
(a) (b) 
  
(c) (d) 
 
(e) 
Fig. 1 PVA/silica-hybrid fibres electrospun out of spinning solutions without (a) and after 
20 min (b), 35 min (c), 50 min (d) and 65 min reaction at 70°C (e) 
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Fig. 2 Average fibre diameters as function of the reaction time between PVA and silica at 
70°C 
 
For equipment of the PVA/silica fibres with TiO2 nanoparticles, an aqueous TiO2 dispersion 
(VP Disp. W740X, Degussa) was prepared with a concentration of 0.1 wt.-% and directly 
sprayed onto the electrospun nanofibre webs. For that, on a fibre web with a weight of 0.1g 
a volume of approximately 0.5 mL TiO2 dispersion were sprayed so that the content of the 
TiO2 in the fibre web was 0.5 %. Measurement of the TiO2 content within the nanofibre 
webs via AAS confirmed an average content of 0.49 % TiO2 within the nanofibre webs. 
Afterwards spraying the fibres were dried at RT overnight.  
The fibres were additionally investigated in more detail by Raman spectroscopy. In Fig. 3 
the Raman spectrograms of the TiO2-equipped PVA/silica nanofibres in comparison to pure 
PVA/silica nanofibres and TiO2 nanoparticles are shown. 
The spectrum of TiO2 showed three characteristic bands: 395.6, 514.3 and 636.8 cm
-1
 (Fig. 
3a). In the spectrum of the PVA/silica nanofibres, the characteristic CH stretching band 
originated from the PVA was detected at 2908.8 cm
-1
 (Fig. 3c). The PVA/silica hybrid 
nanofibres equipped with the TiO2 nanoparticles showed as expected all of the bands 
originated from the TiO2 as well as from the PVA/silica fibre matrix (Fig. 3b). 
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Fig. 3 Raman spectrograms of TiO2 (▬), PVA/silica hybrid fibres with TiO2 (▬) and PVA/silica 
nanofibres (▬) 
 
The morphology of the nanofibres with TiO2 was investigated by FESEM (Fig. 4a) and 
TEM (Fig. 4b) respectively. The images showed, that the TiO2 particles were distributed 
onto the fibre surfaces possessing an average particle size of 25 ± 5 nm (Fig. 4a). The 
particles tended to form out agglomerates onto the fibres (Fig. 4b). The particles were 
attached onto the fibres’ surface indicating an active interaction between the fibre material 
and particles. This interaction presumably took place in form of hydrogen bonding between 
surface hydroxyl groups of TiO2 and of PVA/silica surface. In literature, hydrogen bonds of 
TiO2 with organic components are described. Whereas for TiO2 particles embedded in a 
matrix consisting of polyamide either hydrogen bonding or bidentate coordination was 
assumed [26], for hybrids composed of TiO2 and poly(ε-caprolactone) hydrogen bonding 
was proven [36]. 
 
- Results and Discussion - 
-124- 
  
(a) (b) 
Fig. 4 FESEM (a) and TEM (b) image of PVA/silica hybrid nanofibres with TiO2 particles 
 
For investigation in binding durability of TiO2 particles attached to the hybrid fibres, the 
fibres were soaked into stirring water and the fibre morphology was examined before and 
after this water treatment. The water treatment test of the fibres demonstrated a good binding 
durability of the TiO2 nanoparticles (Fig. 5). Still after the immersion into the stirring water, 
the particles were attached onto the fibres’ surface so that no significant difference could be 
observed between the non-treated (Fig. 5a) and water-treated nanofibres (Fig. 5b) 
concerning the attachment of the TiO2 particles. 
 
  
(a) (b) 
Fig. 5 PVA/silica nanofibre with TiO2 particles (a) after exposure to water (b) 
 
In order to detect a photocatalytic activity of the PVA/silica nanofibres equipped with the 
TiO2 particles, conversion of methylene blue was tested. Methylene blue is a colourant 
which is converted under reductive conditions into a colourless leuco compound (Fig. 6). 
-Chapter 7- 
-125- 
This reversible conversion of methylene blue serves as detection of the photocalytic activity 
of TiO2. For a photocalytic activity, the TiO2 has to be in the anatase modification. At the 
UV-induced reaction between water and TiO2-anatase-particles, hydrogen radicals are 
formed, which create reductive conditions transferring methylene blue into the colourness 
form. 
 
Fig. 6 Reversible reaction of methylene blue (left) with hydrogen to the colourless leuco 
compound 
 
For investigation in the photocatalytic activity, a defined amount of the TiO2-equipped 
nanofibre webs (0.08g) were added to a methylene blue solution [33]. The solution was 
irradiated under UV light over 20 to 60 min and the residual methylene blue content within 
the solution was detected with a UV/VIS spectrometer at a wavelength of 664.5 nm (Fig. 7). 
The measurements proved a significant photocatalytic activity of the TiO2-equipped 
nanofibres (Fig. 7a). The content of methylene blue was reduced in the presence of the 
nanofibres under UV irradiation. The content decreased constantly with the treatment time 
of UV irradiation. After an UV irradiation of 60 min the content of methylene blue was 
reduced to 14 %. As reference the same solution were let in the dark; this solution showed a 
much lesser conversion of the methylene blue content (Fig. 7b). After 60 min the content 
was still 70%. As second reference a pure methylene blue solution was used and the 
conversion of methylene blue under UV light was determined (Fig. 7c). This reference 
showed no photocatalytic activity. From these investigations a good photocatalytic activity 
of the TiO2-equipped hybrid nanofibres could be demonstrated. 
- Results and Discussion - 
-126- 
 
Fig. 7 Percentage of methylene blue in solution in relation to the initial concentration as 
function of the time (a) with PVA/silica/TiO2 nanofibres and with UV irradiation (●); 
(b) reference 1: with PVA/silica/TiO2 nanofibres and without UV irradiation (▲); (c) 
reference 2: pure methylene blue solution with UV irradiation (■) 
 
7.4.2. Silica nanofibres sprayed with TiO2 dispersion 
For generation of silica nanofibres, a silica sol-gel was prepared from TEOS as precursor 
and with EtOH as solvent. The precursor solution was reacted at 80°C in order to receive 
ageing and gelation. In Fig. 8 the weight loss of the sol-gel in dependence on the reaction 
time is shown. Highly and constant weight loss of the sol-gel was observed at reaction time 
up to approximately 110 min causing a weight loss of 65 %. After that, weight loss was less 
pronounced and the graph flattened. In this region, homogenous nanofibre webs could be 
gained from the sol-gel by electrospinning with an average diameter of 910 ± 150 nm (Fig. 
9). At higher weight losses as 70 %, electrospinning of sol-gel was impossible due to a 
further proceeded gelation and a too high viscosity. 
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Fig. 8 Weight loss of SiO2 sol-gel at 80°C 
 
  
(a) (b) 
Fig. 9 Silica nanofibres (a) sprayed with TiO2 particles (b) 
 
Silica nanofibres were also equipped with TiO2 particles by spraying in the same procedure 
as used for the PVA/silica nanofibres. But investigation of the fibre morphology via electron 
microscopy showed, that in opposition to the PVA/silica hybrid nanofibres, the attachment 
of the TiO2 particles onto the fibres’ surface was much lesser pronounced. Furthermore, the 
particles were not distributed over the whole nanofibre and only isolated regions with 
accumulated TiO2 could be detected (Fig. 9b). 
By immersion of these fibres (Fig. 10a) into stirring water, nearly all TiO2 particles were 
released from the fibres (Fig. 10b). This pointed out a very weak interaction between silica 
fibres and the TiO2 particles in opposition to that at the PVA/silica hybrid fibres. This fact 
ensures the assumption that the TiO2 particles exert an interaction to the organic component 
of the PVA/silica nanofibres which is absence in the case of the pure silica fibres. 
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(a) (b) 
Fig. 10 Silica nanofibre with TiO2 particles (a) after water treatment (b) 
 
7.5. Conclusions 
PVA/silica hybrid nanofibres represented a convenient material for gaining TiO2-equipped 
nanofibres without the application of organic solvents. The fibres were gained from a water-
based spinning solution. After electrospinning, an aqueous, commercial available TiO2-
dispersion was directly sprayed onto the nanofibre webs. The TiO2 particles having an 
average particle size of 25 ± 5 nm were distributed onto the nanofibres. The inorganic-
organic composite fibres had an average fibre diameter of 290 ± 100 nm and attached the 
TiO2 particles presumably in form of hydrogen bonds onto the fibres’ surface. A good 
binding durability of the TiO2 particles on the nanofibres was demonstrated by exposure of 
the fibres to stirring water. After this treatment, the particles were still attached at the fibres’ 
surface. 
In opposition to that, silica nanofibres directly generated from silica sol-gel interacted only 
to a low extend with the TiO2 particles. This was expressed by a nearly complete release of 
the TiO2-particles by exposure of the fibres to water. In addition, the sprayed TiO2 particles 
were not distributed over the whole nanofibre surface and only isolated regions with 
accumulated TiO2 could be detected. Further drawback of these inorganic fibres were their 
relatively high average fibre diameter of 910 ± 150 nm and the usage of EtOH as solvent at 
the preparation of the spinning solution. 
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